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SUMMARY
Plasma volumes are characterized by a certain degree of ionization and a density of
charged particles. Both of them are strongly determined by the numerous collision in-
teractions taking place between the different particles inside the plasma system. At the
same time, the resulting motion of the charged particles generate electromagnetic fields
that interact with the inner particles of the system and the external fields.
Numerous studies aim to predict the behaviour of plasma for its applications in aerospace
propulsion systems and actuators. For such purpose it is essential to have a deep under-
standing of the reaction processes that occur at atomic scale and their effect at macro-
scopic level.
All these collision processes at atomic levels with influence of quantum effects are
measured in terms of a collision cross section, which suggests the probability of a certain
collision to occur at a specific relative velocity between the colliding partners. These
parameters are used by hybrid codes to estimate the collisions occurring inside a mesh
volume and track the results to obtain accurate flow trajectories and properties. This
codes, then, require an easy access to the cross sections and an optimization of the amount
of interactions to simulate to reduce time and computational costs.
A database is designed to contain specific collision cross sections of the most relevant
interactions to provide the hybrid codes with the needed parameters: collision cross sec-
tions for reactions between heavy particles, and collision rate coefficients for collisions
involving electrons, modelled as a magnetized fluid by the hybrid codes.
The database generated in this thesis is simple and efficient. Created through simple
directory folders, sorted in elements and energy levels; and easy readable “YAML" .txt
files, the database is able to handle the cross sections stored in it quickly to deliver them to
the main hybrid codes in the required standard. To be compatible with the programming
language used in the modelling codes, all this “hybrid codes-database" connections are
designed in the environment of the former: Python.
Through comparisons between the different potential collision inside the control plasma
system, it has been concluded that charge exchange collisions are highly relevant for the
simulations between heavy particles. In the modelling of collision with electron flows,
it is demonstrated that elastic collision and ionization reactions of the neutral species are
frequent within noble gases (Xe, Ar and Kr). In addition, ionization of pre-ionized states
of the mentioned propellants become more important for the simulations than double ion-
ization collisions of the neutral species. Finally, it is also concluded that if the studied
plasma system achieves high densities of electrons and excited particles, stepwise ioniza-
tion processes are highly recommended to be implemented inside the hybrid codes.
iii
Keywords: Plasma, Collision-cross section, Collision rate coefficient, Database, Ve-
locity distribution function, Maxwellian distribution, Bi-Maxwellian distribution, Ioniza-
tion collisions, Charge exchange collisions, Elastic collisions, Stepwise ionization.
iv

CONTENTS
1. INTRODUCTION. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.1. What is Plasma? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2. The importance of collisions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.3. Classification of collisions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.4. Introduction to collision modelling: Cross sections and collision rates . . . . . 3
1.5. Plasma in Aerospace Engineering . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.6. Introduction to Hybrid/PIC codes and Thesis Objective . . . . . . . . . . . . . 9
1.7. Regulatory Framework . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
2. ELASTIC COLLISIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.1. Elastic collisions with neutrals . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.2. Elastic collisions between charged particles: Coulomb collisions . . . . . . . . 14
2.2.1. Singular Coulomb Collision. . . . . . . . . . . . . . . . . . . . . . . . . . . 16
2.2.2. Cumulative Coulomb Collision . . . . . . . . . . . . . . . . . . . . . . . . . 17
3. INELASTIC COLLISIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
3.1. IONIZATION INTERACTIONS: PLASMA GENERATION . . . . . . . . . . 23
3.1.1. Direct Electron Impact Ionization . . . . . . . . . . . . . . . . . . . . . . . 24
3.1.1.1 Thomson Model . . . . . . . . . . . . . . . . . . . . . 25
3.1.1.2 Gryzinski Model . . . . . . . . . . . . . . . . . . . . . 26
3.1.1.3 Drawing Model . . . . . . . . . . . . . . . . . . . . . 27
3.1.1.4 Bell Model . . . . . . . . . . . . . . . . . . . . . . . . 28
3.1.1.5 Theoretical comparison and comments on the proposed
models . . . . . . . . . . . . . . . . . . . . . . . . . . 29
3.1.1.6 Databases sources and Experimental Measurements: . . 30
3.1.2. Stepwise Ionization by Electron Impact . . . . . . . . . . . . . . . . . . . . 32
3.1.3. Indirect Ionization or Autoionization. . . . . . . . . . . . . . . . . . . . . . 33
3.1.4. Ionization by Collision between Heavy Particles . . . . . . . . . . . . . . . 34
3.1.5. Radiative Ionization or Photoionization . . . . . . . . . . . . . . . . . . . . 35
ii
3.2. PLASMA RECOMBINATION PROCESSES. . . . . . . . . . . . . . . . . . . 36
3.2.1. Electron-Ion Recombination . . . . . . . . . . . . . . . . . . . . . . . . . . 37
3.2.1.1 Dissociative electron-ion recombination . . . . . . . . 37
3.2.1.2 Three-body electron-ion recombination . . . . . . . . . 37
3.2.1.3 Radiative electron-ion recombination . . . . . . . . . . 38
3.2.2. Ion-Ion Recombination . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
3.3. CHARGE EXCHANGE COLLISIONS . . . . . . . . . . . . . . . . . . . . . . 40
4. DATABASE GENERATION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
4.1. Database Structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
4.2. Database Generation: Folders and Nomenclature . . . . . . . . . . . . . . . . . 46
4.3. Data Document File Format . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
4.3.1. Document content and layout . . . . . . . . . . . . . . . . . . . . . . . . . . 50
4.3.2. Document standard: YAML. . . . . . . . . . . . . . . . . . . . . . . . . . . 52
5. DATA HANDLING FOR THE HYBRID/PIC CODES . . . . . . . . . . . . . . . 55
5.1. Collisions between heavy particles. PIC requirements: differential cross sec-
tion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
5.2. Collision with electrons. Fluid model requirements: Collision rate coefficient. 55
5.2.1. The velocity distribution function: the Maxwellian distribution . . . . . . . 56
5.2.2. Isotropic Maxwellian distribution . . . . . . . . . . . . . . . . . . . . . . . 58
5.2.3. Bi-Maxwellian distribution function . . . . . . . . . . . . . . . . . . . . . . 61
6. DATABASE CODES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
6.1. Dictionary collision information: get_collision_info.py . . . . . . . . . . . . . 65
6.2. Differential cross section at a specific energy: interpolate_at_velocity.py . . . 67
6.3. Collision rate computation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
6.3.1. Isotropic collision rate: collision_rate_Maxwellian.py . . . . . . . . . . . . 68
6.3.2. Anisotropic collision rate: collision_rate_BiMaxwellian.py . . . . . . . . . 69
6.4. Secondary functions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
6.4.1. _get_directory_structure. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
6.4.2. _select_fileroot_filename_unknown.py . . . . . . . . . . . . . . . . . . . . . 71
6.4.3. _get_E_and_CS_arrays_from_info.py . . . . . . . . . . . . . . . . . . . . . 71
iii
7. RESULTS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
7.1. Database and Codes Performance . . . . . . . . . . . . . . . . . . . . . . . . . 72
7.2. Comparison between differential collision cross-sections . . . . . . . . . . . . 74
7.3. Comparison between collision rate coefficients . . . . . . . . . . . . . . . . . . 78
8. CONCLUSIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
9. SOCIOECONOMIC ENVIRONMENT. . . . . . . . . . . . . . . . . . . . . . . . 89
9.1. Budget of the performed study . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
9.1.1. Costs assumed by the author . . . . . . . . . . . . . . . . . . . . . . . . . . 89
9.1.2. Costs assumed by third parties . . . . . . . . . . . . . . . . . . . . . . . . . 89
9.2. Socioeconomic impact . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
BIBLIOGRAPHY. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92
iv

LIST OF FIGURES
1.1 Hydrogen ionization by electron impact: collision cross section and rate
coefficient [1] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.2 Simple layout and exit view of an Ion thruster . . . . . . . . . . . . . . . 7
1.3 Hall-effect thruster layout and actuation. . . . . . . . . . . . . . . . . . . 7
1.4 centered . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
1.5 Simulation loop of an hybrid code including PIC and electron fluid mod-
els [20] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.1 Representation of the dependence of the cross section of a pure elastic
collision with the distance and angle between the colliding particles . . . 13
2.2 Collision cross section for elastic collisions of electron with neutral: Xe,
Ar, Kr, Ne . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
2.3 Deflection θ of the orbit of an electron through a Coulomb collision with
a fixed ion of charge Ze.[1] . . . . . . . . . . . . . . . . . . . . . . . . . 16
2.4 Electron Coulomb scattering by ions through an annular volume with im-
pact parameter b and b + db as the electron moves a distance vdt[1] . . . 18
3.1 Direct electron impact ionization process [1] . . . . . . . . . . . . . . . . 24
3.2 Ionization cross section by electron impact for different ionization degrees
[4] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
3.3 Conceptual design of the multi-crossed-beam method [34] . . . . . . . . 31
3.4 Stepwise ionization by electron impact . . . . . . . . . . . . . . . . . . . 32
3.5 Radiative ionization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
3.6 Three body recombination . . . . . . . . . . . . . . . . . . . . . . . . . 37
3.7 Radiative recombination [1] . . . . . . . . . . . . . . . . . . . . . . . . 38
3.8 Ion-ion recombination rate dependence with pressure [2] . . . . . . . . . 39
3.9 Charge transfer/exchange collision [1] . . . . . . . . . . . . . . . . . . . 41
3.10 Near-plume region back flow due to charge exchange interactions [40] . . 41
4.1 Database preliminary organization model . . . . . . . . . . . . . . . . . 43
4.2 Organization model implementing the sorting by energy level . . . . . . . 44
vi
4.3 Organization model for binary collision processes . . . . . . . . . . . . . 44
4.4 Database structure within different collision partners . . . . . . . . . . . 45
4.5 Database structure for unitary processes . . . . . . . . . . . . . . . . . . 46
4.6 Directories “tree" appearance of the database structure . . . . . . . . . . 49
4.7 Suggested .txt file for data extracted from an external database . . . . . . 54
5.1 Isotropic control system . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
5.2 Example of Maxwellian density distribution function . . . . . . . . . . . 60
5.3 Example of isotropic density distribution function over the energy field . . 61
5.4 Anisotropic control system . . . . . . . . . . . . . . . . . . . . . . . . . 62
5.5 Example of bi-Maxwellian density distribution function . . . . . . . . . . 63
5.6 Example of bi-Maxwellian density distribution function over the energy
field . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
7.1 Database with the filled collision cross-sections and data . . . . . . . . . 73
7.2 Differential cross-section from different sources for the first ionization of
Xe by electron impact . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
7.3 Differential cross-section from different sources for the first ionization of
Ar by electron impact . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
7.4 Cross-sections for collisions involving Xe atoms [22] [23] . . . . . . . . 76
7.5 Cross sections for collisions involving Ar atoms . . . . . . . . . . . . . . 77
7.6 Cross sections for collisions involving Kr atoms . . . . . . . . . . . . . . 78
7.7 Collision rate coefficient for several collision processes involving Xe atoms 79
7.8 Collision rate coefficient for several collision processes involving Ar atoms 79
7.9 Collision rate coefficient for several collision processes involving Kr atoms 80
7.10 Comparison of the elastic collision rates for conventional and non-conventional
propellants modelled over a Maxwellian distribution. . . . . . . . . . . . 82
7.11 Comparison of the ionization collision rates of neutrals for conventional
and non-conventional propellants modelled over a Maxwellian distribution. 82
7.12 An-isotropic collision rate coefficient surface for collisions involving Xe . 83
7.13 Comparison of the an-isotropic collision rate coefficient surface for elastic
collision of electron with Xe, Ar and Kr neutral atoms . . . . . . . . . . . 84
7.14 Comparison of the an-isotropic collision rate coefficient surface for direct
electron impact ionization of Xe, Ar and Kr neutral atoms . . . . . . . . . 84
vii
A Suggested .txt file for data extracted from Drawin model . . . . . . . . .
viii

LIST OF TABLES
2.1 Scope of ln(Λ)for several types of plasma . . . . . . . . . . . . . . . . . 21
3.1 Drawin Model constants for Argon and Xenon . . . . . . . . . . . . . . . 28
7.1 Comparison between the collision rate coefficients for reactions involving
Ar, Kr, and Xe, with an isotropic electron flow at 1 eV (computations
performed with the database codes) . . . . . . . . . . . . . . . . . . . . 81
7.2 Comparison between the collision rate coefficients for direct ionization
and stepwise ionization of neutral Ar, Kr, and Xe, at 1 eV . . . . . . . . . 85
x

1. INTRODUCTION
1.1. What is Plasma?
Before commenting any aspect of the purpose of this work, it is essential to have a solid
understanding of what a plasma is. The “fourth state of matter”, as it is sometimes called,
is basically an ionized gas.
As temperature increases, molecules become more energetic and change of phases
occur [1], [2]. In a solid body, the crystal lattice structure is broken apart transforming
into a liquid volume. If this is further heated, until the point where the rate of atoms
vaporizing off the surface is greater than the re-condensation rate, a gas is formed. A
plasma appears when the increase in the thermal energy of a gas is such that the collisions
between the gas atoms lead to a scatter of electrons. Thus, a plasma may be regarded
as a mixture of electrons, ions, and neutral particles with random movement which, on
average, is electrically neutral.
This ionized gas has unique properties of practical utility. The dynamics of motion of
common materials are usually governed by the influence of near-neighbor regions, such as
forces arriving from the interaction with walls or electrodes. However, in plasma systems
the free charged particles interact with external fields and the motion of the entire matter
is affected by this property. Such effect has derived in a variety of interesting applications
as it allows a degree of control over the plasma volume through the use of electromagnetic
fields. Moreover, the charge difference between the ions and electrons of the plasma leads
to the appearance of additional electric fields, which provoke successive flows of charged
particles and, consequently, more magnetic fields rise.
From this simple analysis it is clear that this state of matter is of a startling complexity
and its properties are of potential utility for numerous applications.
1.2. The importance of collisions
The inherent properties of a plasma are a consequence of the ionized state, itself, of the
gas. The variation of the degree of ionization of the plasma is directly related with the
strengthening or weakening of the the electric and magnetic character of the matter and,
thus, directly varies its behaviour in the current application.
The degree of ionization of a plasma is strongly governed by the numerous collisions
that take place among the different particles present in the mixture, which lead to gener-
ation and recombination of free charges. However, these are not the only effects under
the influence of collision processes. The various interactions between the particles are
also responsible for the excitation of atoms, charge and momentum exchanges, and the
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thermal equilibrium of the species, among others.
Due to the high number of properties that are conditioned by all the particle interac-
tions, the accounting for collision processes becomes a key factor in the determination of
the transport coefficients for the fluid models of plasma species.
An entire field of study is built around the understanding and modelling of all the
collision processes. Additionally, the fact that statistical analysis is required to handle the
amount of interactions taking place in a volume of plasma makes the researches in these
area of an outstanding complexity.
1.3. Classification of collisions
Prior to a complete analysis of the particle interactions that may occur, it is useful to state a
first general classification of the different types of collisions and introduce some handling
definitions and properties. These are repeatedly present in deeper analysis and treatment
methods of the plasma in further chapters, so it is important to have a clear understanding
of these basic concepts.
Concerning a general classification of the different colliding processes, the most direct
grouping can be performed in terms of the conservation of momentum and mechanical
energy of the particles involved, which clearly depicts two types of interactions [2]:
• Elastic collisions: These interactions are characterized by a change in direction
of the movement of the particles involved, while its internal energy remains un-
changed. Thus, there exist a conservation of the total mechanical energy through
the collision process.
As it is further developed in Chapter 2, elastic collisions include pure elastic inter-
actions and the so called Coulomb collisions, resulting from the close encounter of
two charged particles.
• Inelastic collisions: In these interactions the kinetic energy of the particles is to-
tally or partially transferred into internal energy, leading to atomic processes of the
particles involved.
This type of collisions, as it is later introduced in Chapter 3, include processes of rel-
evant importance such as excitation, dissociation, ionization and charge exchange
among others.
While the just mentioned classification provides a general view, other classifications
are possible and even preferred from different standpoints. For example, collisions can be
grouped accounting for the charge exchange, where an electron is transferred between the
colliding partners; momentum exchange, where the momentum of one particle is partially
or completely transferred to another, or by their combination. However, for hybrid/PIC
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codes like the one this thesis is aimed for, an appropriate classification distinguishes be-
tween collisions with and without electrons being involved.
The reason behind this later approach lays in the way in which these codes simulate
the plasma flow. As explained at the end of this introductory chapter, these codes consider
electrons as magnetized fluids and the rest of particles like solids, being required different
treatments for each case.
For the purpose of this thesis, the first classification will be provided as represents a
clearer structure from the physics standpoint. Nevertheless, it will be shown that in the
final database the collisions organization makes perfectly identifiable those with electrons
involved, being then the database customized for hybrid/PIC codes.
1.4. Introduction to collision modelling: Cross sections and collision rates
Now that the importance of collisions and their classification have been introduced, it
is possible to comment the measuring quantities that are used to treat these interactions.
The most important one, and first to be introduced, is the so called collision cross section,
denoted as “σ”.
The common standard of the meaning of a collision cross section between two objects
is the total area inside which, if the two object are simultaneously and entirely located,
they will touch each other and collide, with a resulting transfer of momentum and possible
change of direction. For example, the collision cross section area of two solid spheres
corresponds to the sum of the individual cross section areas: σ = π(r1 + r2)2.
However, real collision processes occurring inside a plasma volume are not as simple
as the ideal example just presented, where the cross section was directly proportional
to the length scale of the spheres. This approach becomes unrealistic when the length
scale reduces to atomic levels and new effects must be accounted rising from the relative
velocity between the colliding particles and their charge state. As a matter of fact, at such
length scales quantum effects become relevant and intervene in collision processes. For
this new complex system, the definition of the collision cross section becomes “a measure
of the probability of a collision to take place” (or the probability of momentum loss of the
particles).
For this new approach, referring to the elastic interactions among plasma particles,
the collision cross section may be defined in terms of an equivalent cross section provided
if the particles absorb perfectly the momentum. Likewise, in inelastic collisions, the
probability of occurring such interaction is given in terms of the equivalent cross section
that a particle would have if it was idealized as a solid sphere (it can be noticed in further
chapters how some of the models used to simulate the collision cross section make use of
the area of a sphere with the Bohr radius).
It is interesting to point out the strong dependence that cross sections have on the
3
relative velocity between the colliding species. Very large speeds may be translated in a
reduction of the cross section due to the fact that the interaction time is much lower [2].
This characteristic behaviour is visible in Figure 1.1(a), which specifically shows the case
of the hydrogen ionization by electron collision. As the speed of the striking electron
increases to high values, the rate of the reaction increases too, lowering the collision
cross section. This figure also introduces another property that characterizes many atomic
collisions. There exists a threshold energy below which the collision will not occur (in
the figure it example corresponds to the minimum required energy to ionize hydrogen),
and after which the cross section rapidly increases to its maximum and then gradually
decreases as the energy of the striking particle raises.
(a) Ionization cross section (b) Ionization collision rate
Fig. 1.1. Hydrogen ionization by electron impact: collision cross section and rate coefficient [1]
Before commenting Figure 1.1(b), whose meaning is actually much more relevant for
hybrid/PIC codes, two other basic parameters must be introduced: the mean free path
(λ) and the interaction/collision frequency (ν) [1], [2]. The simplest interpretation of
the former is the distance λ that the striking particle travels before there is a reasonable
probability of colliding with another particle. In a binary collision process such as A + B,
being A the striking particle through a volume of particles B with density “nB”, the mean
free path is defined as
λ =
1
nBσ
(1.1)
where σ represents the previously introduced cross section of the collision. For a
particle moving with velocity “vA”, the mean time between collisions is given by τ = λ/vA.
Applying the definition of frequency as the inverse of the period, the collision frequency
is obtained:
ν = nBσvA (1.2)
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As it is further explained in Chapter 5, the flow of some plasma particles, such as
electrons, is modelled following a probability distribution function (usually a Maxwellian
distribution). This means that in a flow of electrons with global known velocity, each
electron has a specific probability of having a specific amount of energy and move with a
determined velocity. So, depending of this energy level, the collision cross section varies
(i.e σ = σ(vA)). With this modelling of plasma particles as a fluid, the just introduced
collision frequency is better expressed as
ν = nB ⟨σ(vA)vA⟩ (1.3)
where the terms ⟨σ(vA)vA⟩ results form averaging the product σ(vA)vA over the entire
energy distribution function at a given flow energy. This averaged parameter is the one
depicted in Figure1.1(b) (for Hydrogen ionization) and is termed as rate coefficient, being
commonly preferred to be used over the collision cross section [2]. The importance of this
parameter is that it dictates the rate at which the products of reactions are being formed.
So, for plasma the rate at which ions are being formed is directly related with the rate
coefficient of ionization collisions. Consequently, this parameter is also a measure of the
rate of change of the mass of dominant species [3], such as neutrals in cold plasma ; and a
reference of the time that a specie in a given energy state survives in the system. A deeper
comprehension of this parameter is later developed in Chapter 5.
1.5. Plasma in Aerospace Engineering
Plasma has multiple applications in the aerospace field. One of them is the electric space
propulsion. The rise of the electric propulsion came with the appearance of highly effi-
cient electric thrusters during the sixties decade, (such as the Hall-Effect thruster and the
Ion thruster [4]) and, since then, large developments and innovations have taken place.
However, the origin of the electric propulsion goes back to the early twentieth cen-
tury [5]. The first referenced concepts of electric propulsion where conceived by Robert
Goddard [6] in 1906 in the USA, and by Tsiolkovskiy [7] in Russia in 1911. During
the first half of the century several concept applications for different electric propulsion
ideas where collected by Hermann Oberth in Germany in 1929 and Shepherd and Cleaver
in Britain in 1949 [8]. But it wasn’t until 1964 when the first systematic analysis of an
electric propulsion system was performed in the book Ion Propulsion for Space Flight,
by Ernst Stuhlinger [9]; and Robert Jahn [10] performed a comprehensive description of
the physics behind these systems in 1968. The decade of 1960 is a mark on the history
of the development of electric propulsion. Significant research programs with the aim of
improving this technology were established at several laboratories of the National Aero-
nautics and Space Administration (NASA) (such as the Glenn Research Center, Hughes
Research Center and NASA’s Jet Propulsion Laboratory [5]) and at several institutes of
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Russia. During this decade the first experimental ion thrusters, making use of cesium and
mercury propellants, where launched into orbit.
By the end of the century, electric thrusters had been implemented in station keeping
manoeuvres of communication satellites by Russia, the USA and Japan, the USA had
performed the first deep-space mission using a solar electric ion thruster and it had begun
the commercial use of ion thrusters propelled by Xenon. Not much later, in 2003, the
European Space Agency performed a lunar mission with a Hall-effect thruster [4], and
during the last decade serious researches have been established to improve this technology
as a future potential substitute for chemical rockets.
The reason behind all this interest is that electric propulsion systems require less
amount of propellant for a specific mission. This property may result in one of the fol-
lowing advantages: the lower amount of propellant mass allows for an increase of the
available payload mass, or the total mass of the device may be reduce, which might imply
a reduction in the launch cost of thousands or millions of dollars (comparison made in
dollar being assumed as the international currency for space projects).
During all this evolution, all the different types of propulsion systems developed can
be grouped in terms of the acceleration method used to provide the thrust force: elec-
trothermal thruster, which heated the propellant through a resistively heated chamber or
element upstream the nozzle entrance; electrostatic thrusters, which accelerate the plasma
ions by means of a differential in electrostatic potential; and electromagnetic thrusters,
that accelerate the charged propellant making use of electromagnetic forces.
Among the mentioned classification, plasma effects in electrothermal thrusters (like
“Resistojets” and “Arcjets”) are low due to their low ionization level, producing low
thrusts and efficiency. Electromagnetic thrusters, such as the “Magnetoplasmadynamic
Thruster”, are able to produce high thrusts, however they need to operate at very high
powers to achieve so. The most succesful thrusters are the electrostatic thrusters, like the
“Ion Thruster” and the Hall-Effect Thruster”.
Both of the aforementioned motors make use of highly ionized plasma to generate
thrust, however, their actuation methods are different. In a concise way, ion thrusters
make use of several ionization techniques to dissociate a large fraction of the propellant
into plasma. The plasma ions are then accelerated to high velocities through a biased grid
by means of an electrostatic potential. In addition, to overcome the charging effect of the
spacecraft, which is a main concern in electric propulsion as it may lead to potential
hazards, a cathode located outside the ion exit emits electrons to keep the spacecraft
neutral [5], [11]. A simplified sketch of this propulsion system is provided in Figure
1.2
The Hall-effect thruster makes use of the so called Hall-effect to dissociate the pro-
pellant into plasma in a annular chamber. This effect results from the cross-field of an
electron discharge by a cathode and a transverse magnetic field in the annular chamber.
The plasma ions are then accelerated to high exit velocities by the difference in electric
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potential between the anode and the cathode, while the magnetic field of the chamber pre-
vents the electrons from shorting out the electric field. Alike the ion thruster, the electrons
provided by the cathode also neutralize the spacecraft charge, as depicted in Figure 1.3.
[5], [11].
(a) Ion thruster sketch [5] (b) Ion thruster with visible grid and external cathode [12]
[13]
Fig. 1.2. Simple layout and exit view of an Ion thruster
(a) Hall effect thruster sketch[5] (b) Hall effect thruster nozzle exit and actuation of the exter-
nal cathode [12]
Fig. 1.3. Hall-effect thruster layout and actuation.
The outstanding characteristic of these electric propulsion systems is its high specific
impulse compared to chemical thrusters of solid and liquid propellant. The specific im-
pulse of a propulsive system, Isp, is a direct measure of its efficiency, as it directly relates
the achievable thrust force and the propellant mass spent to generate it:
7
Isp =
c
g0
=
T
g0 · m˙ [s] (1.4)
Where: c =“effective” escape velocity of the propellant
g0 =gravity acceleration at sea level
T =thrust force generated by the propulsive system
m˙ =propellant mass flow spent to generate the thrust force
While typical chemical thrusters have Isp values of hundreds of seconds, as depicted
in Figure 1.4, electric propulsion systems achieve much higher efficiency. Hall-Effect
thrusters usually have specific impulses in the range Isp ≃ 1000−3000 s, being surpassed
by the efficiency of the ion thrusters: Isp ≃ 2000 − 6000 s [11]. The high values of the
former makes it a suitable propulsion system for station keeping manoeuvres and even
lunar missions, as it is the mentioned example of the SMART-1 mission carried out by
the European Space Agency in 2003 [4]. However, for interplanetary missions higher Isp
values are required, being ion thrusters more suitable.
Fig. 1.4. Range of thrust and Isp for different propulsion systems [14]
Unfortunately, despite the advantages shown by electric propulsion systems, nowa-
days these cannot be implemented as launching propulsion systems. The high efficiency
represented by the high specific impulse of these thrusters is translated in a low propellant
exit mass flow, that is, low acceleration, which implies that the thrust forces generated by
these systems are low. Current researches are centered, among other aims, in increasing
the generated thrust force, which can be achieved by increasing the difference in electro-
static potential, to obtain a wider number of applications for these thrusters.
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Despite not being as related with the purpose of this thesis as the previous application,
some other areas where plasma is highly present are:
• Materials treatment: A common issue around the construction of aerospace struc-
tures concerns the long-term bonding of composite materials with metallic com-
ponents, which weakens after being exposed to hot and wet conditions, aerospace
fluids and solvents. It is found that a plasma surface treatment of such materi-
als prior their bonding enhances the long-term durability of the bonding as it is
strengthened [15]. While surface bonding represent the most important application
on this area, other advantages of performing a surface treatment to polymer and
composite materials include surface cleaning and substitutes for surface abrasion
techniques [16].
• Flow control actuators: As a general concept, plasma actuators are small electronic
devices that generate a weakly ionized plasma around their electrodes and accel-
erate it by means of an electromagnetic field, leading to a small jet with multiple
applications in flow control areas. The two most outstanding applications of these
devices are:
– Flow control inside combustion chambers with serpentine plasma actuators.
These enhance re-circulation flow and turbulence to obtain a faster homoge-
neous mixing of fuel and air inside the chamber and, thus, obtain a more
homogeneous and stable combustion [17].
– Enhancement of the flow over an airfoil with Dielectric Barrier Discharge
(DBD) actuators. The small jet produced by these devices adds momentum
to the airflow over the airfoil, usually at the leading edge, to delay the flow
separation and enhance the generation of lift [18].
1.6. Introduction to Hybrid/PIC codes and Thesis Objective
The flow inside all these types of electric thrusters are incredibly complex, with multitude
of changes on flow properties such as density, charge, ionization degree, energy...All these
variations occur through time and depending on the location of the matter. For example,
the ionization state of the plasma may change as ions are accelerated from the chamber
through the nozzle to the exit. Thus, it is essential to perform an accurate simulation
of all the effects, fluxes, interaction...that may occur throughout the entire process to al-
low a viable prediction of the behaviour of the entire system and make improvements or
modifications.
To this end, several simulation methods have been developed with the aim of analyz-
ing the macroscopic behaviour of the overall systems being modeled as fluid motions.
However, such is the complexity of the problem, that these methods still need to consider
the basic interactions that take place at microscopic scales in order to obtain accurate
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solutions for transport and thermodynamic equations, as well as modelling the possible
instabilities [3].
In its basis, all the developed methods can be classified as kinetic methods, fluid meth-
ods, and hybrid methods (which, as may be thought, brings together the first two meth-
ods).
Without entering in in complex physics and math formulation, the former method aims
to obtain different distribution functions for each of the species present in the plasma. At
a given time, the number of particles that are in a specific place and with a determined
velocity is predicted by these functions. At the same time, due to the transient character
of the flow, these distribution functions change with time. The evolution of this functions
is determined by the well known Boltzmann equation, which will not be provided to keep
this introduction theoretical.
Among the different kinetic methods, the Particle-In-Cell (PIC) method has become
one of the most standard simulation procedures to study the plasma physics. In this mod-
elling, ions, electrons and neutral are treated as a group inside a mesh cell and collisions
are usually modelled through Monte-Carlo methodologies. Through these, which require
a dominant specie in terms of density, the probability of collisions taking place is evalu-
ated and the macroscopic effects over the species (mass, charge,...changes) are evaluated
in the situation where the interaction occurs. It is then vital to have a previous knowledge
off all the potential collisions and their outputs to obtain the most accurate tracking of the
macroscopic properties of the different species involved. With the new estimation of the
volume characteristics, trajectories of the particles are followed and the Maxwell equa-
tions are solved to predict the further behaviour of the plasma. Recall that the Maxwell
equations model the electromagnetism through differential equations for the electric field
intensity (E⃗) and the magnetic field induction (B⃗) [19]. A summarized step structure of
the previous simulation method may have the following form [3].
1. Setting of the mesh cells: regions where collisions will take place.
2. Computation of the probability of a collision taking place in each cell AND genera-
tion of series of random numbers (∈ [0, 1]) determined by the population algorithm
of each specie.
3. If the generated random numbers lay below the collision probabilities, the collision
takes place.
4. Study of the new properties of the particles, mass, charge, density ... in case a
collision occured.
On the other hand, the fluid methods make use of classical mechanic techniques de-
signed to study magnetized fluids to solve the different conservation equations of charge,
momentum and energy of the plasma. This method usually provide a more accurate
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plasma behaviour than the previous one. However, this technique suffers from a very
high computational cost.
Hybrid methods provide a mid point approach between the kinetic and fluid methods.
Hybrid procedures model part of the plasma species (usually electrons) as a fluid, while
the rest of species are modelled by a PIC technique. Obviously, all these methods per-
form several assumption that simplify the problem to be solve. Nevertheless, the hybrid
methods allow to obtain a reasonable accurate description of the mentioned flow proper-
ties variation with a much lower computational cost than fluid methods. An sketch of the
simulation loop characteristic of hybrid codes is presented in Figure 1.5.
Fig. 1.5. Simulation loop of an hybrid code including PIC and electron fluid models [20]
The objectives of this thesis are to provide relevant information of the particle colli-
sions that should be accounted in the hybrid/PIC codes, with different methods of cross
section measurements and comparisons between them; and elaborate a database of col-
lision cross sections between different species of the plasma to be implemented in the
presented codes. This data is a representation of the interactions taking place at a micro-
scopic scale and so is crucial for the proper simulation and determination of the distribu-
tion functions and flow properties. The information provided by a good database will be
also helpful in the prediction of potential new propellants for electric thrusters. Moreover,
this database must be designed in a way that it can be easily called by the simulating codes
and the data must be extracted as fast as possible to minimize to computational cost of the
overall process.
A contextualization of this database in the technical field is presented in the following
section and the socioeconomic environment of this project is exposed in Chapter 9.
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1.7. Regulatory Framework
Although initially electric propulsion systems made use of mercury and cesium as pro-
pellants, since the 1980s Xenon has been widely introduced as propellant, becoming the
current one in every electric thruster, due to the advantages that it presents [21]. As an
inert gas, no hazards are present when handling it around the testing facilities. It shows a
low ionization potential compared to other inert gases, so less energy is required to ionize
it. Additionally, it is easily pumped into vacuum spaces by means of condensation on
cryopumps.
However, it presents two main drawbacks [21]:
− Its extraction is expensive, and so is its selling price (4-5 e/g). With current mission
loads requirements, such as the approximated 160 kg for geostationary satellites and
80 kg for exploratory missions, propellant costs represent a high percentage of the
total investment for space missions.
− As a substance to be expelled to the space, it becomes a limited source. The avail-
ability of Xenon has become a real issue due to the growing number of spacecrafts
using electric propulsion systems, the increasing ambition capabilities of these, and
the appearance of multiple different applications that make use of Xenon, such as
the mentioned actuators.
A primary focus of multiple researches is centered in the search on new cheaper pro-
pellants to substitute Xenon. Krypton and Argon are currently in the spotlight of a number
of studies for such purpose, as well as some Alkali metals (Li, Na, K, ...) and other neutral
gases (He and Ne).
This project aims then to facilitate essential information for the simulation of propel-
lants in the hybrid codes, whose results will lead in a future to improvements of current
systems and propellants.
Other databases already exist with information regarding collision interactions be-
tween different species, such as those to be introduced in Chapter 3. However, these
databases are directed towards other implementations of plasma, such as atomic fusion
reactions, so the information stored is not exactly the needed for electric propulsion; or
do not have a direct connection system with hybrid codes. This thesis is, then, centered in
generating a database of collisions specifically for the purpose of electric propulsion and
with efficient working links between the hybrid/PIC codes and the database information.
Consequently, all the data stored in this database must be referenced when the param-
eters are obtained from an external public database, and the linking system between the
codes and the system is designed to follow the same environment as that one in which the
hybrid/PIC codes are developed, as it will be further developed in Chapters 3 and 4.
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2. ELASTIC COLLISIONS
Elastic collisions (or elastic scatterings) may be defined as those where the inner na-
ture and energy state of the colliding particles remains unchanged through the whole
processes.
Several types of elastic interactions are identified, being each of such types more
present in plasma of different ionization degrees and making use of different measuring
models.
2.1. Elastic collisions with neutrals
Low and partially ionized plasma, cold plasma, is characterized by a high presence of
elastic scattering with neutral particles (i.e. neutral-neutral, electron-neutral or ion-neutral
elastic collisions). As these collisions may be understood as a simple bouncing of the in-
volved particles, it may be deducted that their results will be dependent on the approaching
relative velocity, the distance, and the angle between the initial trajectories of the particles,
as sketched below in Figure 2.1.
Fig. 2.1. Representation of the dependence of the cross section of a pure elastic collision with the
distance and angle between the colliding particles
However, considering the atomic length scale, a rough estimation of the cross section
of this type of elastic collisions can be geometrically obtain through the cross section area
of an atom with the Bohr radius:
σn ∼ πa02 ∼ 10−20 [m2] (2.1)
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Even though this rough approach completely neglects the relative velocity and angle
between the colliding particles, the results provided do not move much away from average
values derived from empirical results retrieved from external databases [22], [23]. Figure
2.2 represents the collision cross sections for elastic electron impact with four common
plasma species. In this image it is clearly observable how the average values for these
interactions lay in the order of ∼ O(10−20)m2. The result obtained then by Equation 2.1 is
a good approximation for the average cross section.
In addition, it is appreciable in this image a low peak value for low energies in the
majority of noble gas species. This effect corresponds to a quantum mechanical effect
denominated Ramssauer effect [24], which takes place when the characteristic size of the
atom and the electron wavelength are of the same order of magnitude (O(10−12)m). At
those energies, the electron and the external shell electrons of the atoms approximately
have the same wave function and the collision cross section decreases. However, this
effect is usually neglected due to the low energy range were it appears( (0, 1)ev).
Fig. 2.2. Collision cross section for elastic collisions of electron with neutral: Xe, Ar, Kr, Ne
2.2. Elastic collisions between charged particles: Coulomb collisions
When the charge of all the particles involved is not null, different effect rise from the in-
teraction of these charged particles with and electric fields. Among the possible situations
in which the charged particles may be involved, only short-range interactions occurring
within close distances between particles are tackled in this thesis. The interactions with
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the macroscopic electric fields generated by the moving charges of the plasma itself is
not covered as they do not model the interactions between particles and so, do not govern
over the momentum evolution of the particles at atomic scale.
Close range interactions start to become dominant when the temperature and ioniza-
tion degree of the plasma increases (electron-electron, electron-ion, and ion-ion collisions
collisions). The are the so called Coulomb collisions.The basic physics of this type of in-
teraction is the force felt by the charged particles in relative motion, the Coulomb force.
This force is directly proportional to the product of the charge of the particles involved
and inversely proportional to the distance between them:
Fcoulomb =
Z1Z2
4πϵ0r2
(2.2)
where: Zi = charge of the particle [C], i ∈ [1, 2]
ϵ = permittivity of free space ≃ 8.8542 · 10−12
[ C
N · m2
]
r = distance between the particles [m]
Notice, from the previous expression, that the resultant Coulomb force will be attrac-
tive between the two particles when these have opposite charge sign, while particles will
mutually repel if their charges have the same sign. This force results in a deflection of the
initial trajectories of the particles proportional to the mass of each particle, the product of
their charges and the impact parameter. The impact parameter (denoted as “b′′ in Fig-
ure 2.3), is the minimum distance between the unperturbed rectilinear trajectories that the
charged particles would follow.
If the previous deflection is as much as 90◦, the electron losses most of its initial mo-
mentum, thus this interaction has the same momentum standpoint than elastic collisions
with neutrals, allowing the term “collision” to be used with Coulomb interactions. More-
over, this deflection gets larger when the kinetic energy of the colliding electron and the
potential energy of the Coulomb force coincide. That is:
Z1Z2
4πϵ0b
∼ mv
2
2
∼ Te (2.3)
This condition allows to estimate an effective cross section of Coulomb collisions
similar to that one of elastic collisions with neutrals. Taking as reference the Coulomb
collision of an electron with an hydrogen ion [1]:
σi ∼πb2 ∼ πe
4
(4πϵ0)2T 2e
∼ 10
−17
T 2e
[m2] (2.4)
where: Te = electron temperature [eV]
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Comparing both cross section expressions, Equations 2.1 and 2.4, it is proved that
Coulomb collisions are dominant in plasma once it is just a few percent ionized, sup-
porting the spotlight on Coulomb collisions rather than elastic collisions with neutrals.
However, this followed approach is only an estimation to obtain the order of magnitude
of the process cross section, a deeper analysis of this interaction is performed in the fol-
lowing sections.
Although this thesis is aimed for cold plasma simulations, an analysis of this type
of interaction is provided as it not only describes interactions with electron, but also in-
teractions between other charged species. Thus, coulomb alike interaction will be latter
identified in recombination processes (like ion-ion recombination) and charge exchange
interactions.
2.2.1. Singular Coulomb Collision
Back to the deflection effect, particles of equal charge and mass experience the same
deflective angle and both particles exit the collision with the same velocity magnitude.
That is, there is a null energy transfer. However, if there exist a high difference in mass
and charge between the particles (i.e. electron-ion collision), as the same amount of
momentum is transferred between the particles, the lightest particle (electron) experiences
a deflection much larger than the heavy particle (ion). This latter situation is used to study
the general behaviour of Coulomb collisions.
At the same temperature (same energy), electrons move with a velocity much higher
than the ions due to their infinitely lower mass. Then, to perform this study, the ion particle
(the biggest mass) is defined as the point of reference to which the electron approaches.
Figure 2.3 represent a Coulomb collision with such reference frame.
Fig. 2.3. Deflection θ of the orbit of an electron through a Coulomb collision with a fixed ion of
charge Ze.[1]
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As depicted, the result of the inverse-square-law Coulomb force of Equation 2.2 is a
hyperbolic orbit followed by the electron (being θ the limiting angle of the hyperbole).
Moreover, classical mechanics prove that the deflection angle resulting from this interac-
tion follows the form:
tan
(
θ
2
)
=
Ze2
4πϵ0mv2b
(2.5)
where: Z = charge of the ion [C]
e = charge of the electron ≃ 1.602177 · 10−19[C]
ϵ0 = permittivity of free space ≃ 8.8542 · 10−12
[ C
N · m2
]
m = mass of the electron [Kg]
v = velocity of the electron
[m
s
]
b = impact parameter [m]
This hyperbolic limit angle demonstrates the previous estimated effective coss section
of Equation 2.4. If the electron is deflected 90◦, tan(θ/2) = 1, meaning that the impact
parameter b0 is
b0 =
Ze2
4πϵ0mv2
⇒ tan
(
θ
2
)
=
b0
b
(2.6)
Resulting in the cross section: σi = πb20 =
πZ2e4
(4πϵ0)2m2v4
= πb20 =
Z2e4
16πϵ20m
2v4
(2.7)
2.2.2. Cumulative Coulomb Collision
The derivation for the effective cross section of Equation 2.7 was obtained for a singular
large-angle electron-ion Coulomb collision. Nevertheless, in a highly ionized environ-
ment, due to the long-range nature of the Coulomb attraction, there is a much higher
frequency of small angle collisions than large angle collisions. Indeed, many cumulative
small angle deflections produce an effect larger than the relative fewer large angle de-
flections. Thus, to obtain a more realistic standpoint, a derivation of the cross section is
performed accounting for cumulative small angle scatterings with a large number of ions
and impact parameters.
For the ease of this derivation, it is considered a situation such as the one depicted in
Figure 2.4, with the initial velocity in the z direction.
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Fig. 2.4. Electron Coulomb scattering by ions through an annular volume with impact parameter
b and b + db as the electron moves a distance vdt[1]
Through the multiple small-angle scatterings that the electron will suffer, it will be
given an incremental velocity in the normal directions ∆v⊥ = v sin(θ) = ∆vx and ∆vy.
While the averages of these increments must vanish due to the fact that the direction is
independent of the scattering (⟨∆vx⟩ =
⟨
∆vy
⟩
= 0), the mean square deflections do not
vanish (
⟨
(∆vx)2
⟩
=
⟨
(∆vy)2
⟩
= 12
⟨
(∆v⊥)2
⟩
, 0).
From the hyperbolic deflection angle stated in the previous section, sin(θ) can be in-
ferred as follows:
sin(θ) = 2 sin
(
θ
2
)
cos
(
θ
2
)
= 2 tan
(
θ
2
)
cos2
(
θ
2
)
=
2 tan
(
θ
2
)
1 + tan2
(
θ
2
) = 2 ( bb0 )
1 +
(
b
b0
) (2.8)
Leading to the normal velocity deflection of one collision:
(∆v⊥)2 = v2 sin2(θ) =
4v2
(
b
b0
)2[
]1 +
(
b
b0
)]2 (2.9)
The rate at which this normal velocity varies as the electron crosses the volume ele-
ment can be found knowing the ion density ni in the scattering volume:
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Ion density: ni
Scattering volume: 2πb · db · vdt
So:
d
⟨
(∆v⊥)2
⟩
dt
= 2πniv
∫ bmax
b0
(∆v⊥)2bdb = 8πniv3
∫ bmax
b0
(
b
b0
)2
bdb[
]1 +
(
b
b0
)]2 =
= 4πniv3b20
⎧⎪⎪⎪⎨⎪⎪⎪⎩ln
⎡⎢⎢⎢⎢⎣1 + (bmaxbo
)2⎤⎥⎥⎥⎥⎦ + 1
1 +
(
bmax
b0
)2 − 1
⎫⎪⎪⎪⎬⎪⎪⎪⎭ (2.10)
where b0 was defined for a singular coulomb collision in Equation 2.6 and bmax cor-
responds to the impact parameter where the coulomb forces stop being relevant. As the
latter parameter is more difficult to obtain, the ratio Λ = bmax/b0 will be temporarily
considered, with some estimation of the values that it may acquire provided in Table 2.1.
If Λ ≡ bmax
b0
≫ 1, then:
d
⟨
(∆v⊥)2
⟩
dt
= 8πniv3b20 lnΛ =
niZ2e4 lnΛ
2πϵ20m
2v
(2.11)
Regarding the velocity parallel to the original direction, a reduction in this one (∆v∥)
is appreciable. This is reasoned with the fact that the electron scattering off the heavy ion
loses all its momentum but its energy is nearly conserved. So, an expression for the rate
of change of this reduction is obtained by means of energy conservation:
(v + ∆v∥)2 + (∆v⊥)2 = v2∥ (2.12)
As: O(∆v∥) ≪ O(∆v⊥) andv = vinitial = v∥, then
v(∆v∥) +
1
2
(∆v⊥)2 = 0 ⇒ (∆v∥) = −12
(∆v⊥)2
v
(2.13)
So the rate of change of
⟨
∆v∥
⟩
is:
d
⟨
∆v∥
⟩
dt
= −4πniv2b20 lnΛ =
niZ2e4 lnΛ
4πϵ20m
2v2
(2.14)
This last relation allows to obtain the definition of a collision rate (vei) for loss of
electron momentum:
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d
⟨
∆v∥
⟩
dt
= −veiv ⇒ vei = −d
⟨
∆v∥
⟩
vdt
(2.15)
vei = 4πnivb20 lnΛ =
niZ2e4 lnΛ
4πϵ20m
2v3
(2.16)
As developed in Equation 2.16, the rate at which the electron loses its momentum is
inversely proportional to the cube of its initial velocity and directly proportional to lnΛ.
It is, then, a reasonable moment to estimate the values of this parameter Λ. However,
in order to do so, two new concepts must be introduced and understood: the Boltzmann
factor and the Debye length, λD.
The Boltzmann factor defines the relative probability “Pr” of a particle to have energy
Er as:
Boltzmann factor: Pr = exp
(
− Er
kT
)
= exp
(
−Er
T
)
= exp
⎛⎜⎜⎜⎜⎜⎝− mv22 + qϕT
⎞⎟⎟⎟⎟⎟⎠ (2.17)
Where the Boltzmann constant, K, converts the temperature from Kelvin to energy
units: K = 1.38 · 10−23[J/K] = 1.6 · 10−19[J/eV].
Notice the physical dependence through the potential term pϕ. The reason behind is
that charged particles in the volume tend to gather around a particle with the opposite sign
charge and distance from particles with the same sign charge. This means that, recalling
the initial study, when an electron enters a highly ionized volume, the ions tend to gather
around such electron, shielding out the electron electric field further away of a given
distance from the electron. This shielding length is the so called Debye length (λD). The
statistical treatment of the Debye shielding is valid if there exist a high number of particles
within the Debye sphere, with volume (4/3)πλ3D, which is implicit in the definition itself
of Debye shielding.
Debye length: λD =
(
ϵ0Te
ne2
) 1
2
(2.18)
Returning to the initial derivation of the cross section, the just introduced Debye length
provides the maximum impact parameter (bmax = λD) as the Coulomb field at larger
distances is suppressed by the Debye shielding. This also allows the computation of the
order of the minimum impact parameter b0. To do so, b0 is evaluated as an average over a
Maxwellian distribution considering mv2 ∼ 3T , and in accordance with the definition of
b0 stated in Equation 2.6
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b0 =
Ze2
4πϵ0mv2
⇒ b0 ∼ Ze
2
12πϵ0T
∼
Z
12π
nλ2D
(2.19)
Meaning that Λ ≡ bmax
b0
≡ λD
b0
∼
( Z
12π
)
nλ3D (2.20)
Even though the parameter Λ is a function of n and T , the resulting logarithm present
in the different expressions is fairly insensitive to the variations of such variables (even
when the variations are of orders of magnitude). This property enables to obtain an esti-
mation of this parameterΛ from tables such as the one below [2], which shows that typical
values of lnΛ vary no more than a factor of two for a large range of n and T parameters.
Table 2.1. SCOPE OF LN(Λ)FOR SEVERAL TYPES OF PLASMA
Plasma source n(m−3) T(eV) ln(Λ)
Solar Wind 107 10 26
Van Allen Belts 109 102 26
Earth’s ionosphere 1011 10−1 14
Solar corona 1013 102 21
Gas discharge 1016 100 12
Process plasma 1018 102 15
Fusion experiment 1019 103 17
Fusion reactor 1020 104 18
Now that all the needed parameters have been defined, it is possible to derive an
expression for the cross section of cumulative small-angle Coulomb collisions from the
relation of collision frequency (vei) and the cross section (σei):
vei = niσeiv ⇒ σei = Z
2e4 lnΛ
4πϵ20m
2v4
(2.21)
Comparing this result with the cross section for a singular Coulomb collision stated
in Equation 2.7, it is realized that the size of the cross section for cumulative small-
angle Coulomb collisions is “4 lnΛ” times larger than that one of an isolated Coulomb
interaction. This larger size is the result of many cumulative small-angle scatterings.
As a final remark, to allow an easier analysis of the Coulomb cross section, it is
possible to transform Equation 2.21 in terms of the total energy of the electron, that is,
the parameter T[eV][1]:
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σ =
Z2e4 lnΛ
4πϵ20m
2v4
≃ Z
2e4 lnΛ
4πϵ20
(
1.602177 · 10−19
Te
)2
(2.22)
Being Z = ion charge
e = electron charge ≃ 1.602177 · 10−19 [C]
ϵ0 = permittivity of free space ≃ 8.8542 · 10−12
[ C
N · m2
]
Λ ∼
( Z
12π
)
nλ3D
Te = electron energy [eV] (2.23)
This analysis to obtain the cross section of the elastic collisions in terms of the flow
energy, which are most probably the simplest interactions to analyze, is a good indicator of
the complexity of the problem to be simulated to obtain the performance of a plasma flow.
These not only require large computation costs, but also deep analysis and approaches to
introduce the effects of the particle collisions in the overall behaviour.
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3. INELASTIC COLLISIONS
As previously introduced in Chapter 1, through inelastic collisions, transfers between
the kinetic energy of a particle and its internal energy take place. The analysis and ef-
forts to simulate this interaction are, then, much more complex that those just derived in
Chapter 2.
Inelastic collisions, which have special relevance for highly energized plasma, might
be classified in terms of the resulting states of the different particles involved in the pro-
cess:
• Ionization processes: This type of processes are the most relevant ones as they are
responsible for the plasma generation, that is, they are responsible of the generation
of new electrons and positive ions in the environment.
• Mechanisms of recombination: Oppositely to ionization processes, the mecha-
nisms of free electron “losses” are relevant for plasma studies as they are respon-
sible for the loss of free charged particles. The final density of charged particles
in the plasma is the result of the balance between the ionization processes and the
recombination mechanisms.
• Charge exchange interactions: Through this type of interaction an electric charge
is transferred between two colliding atoms. This type of process shows high orders
of cross section and, so, are of special importance in the modelling process of cold
plasma.
• Excitation collisions: Against the rest of the inelastic interactions, excitation inter-
actions do not show any movement of charges between atoms, just their excitation
to a higher energy level. The collision cross sections of this type of processes are
expected to be several orders of magnitude lower than the previous interactions.
Consequently this reactions will not be further explained, although may be men-
tioned and present in further explanations or comparisons.
3.1. IONIZATION INTERACTIONS: PLASMA GENERATION
Inelastic ionization collisions result in the ionization of one of the species involved in the
interaction. Some of the most relevant plasma ionization processes are [1] [2]:
• Direct Electron Impact Ionization: Ionization of atoms struck by an electron with
sufficient large energy to free one of the particle’s valence electrons in just one
collision. If the striking electron initially has enough energy, the process may lead
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to double ionization. Triple ionization may also be possible, however their effect is
negligible against the previous cases.
• Stepwise Ionization by Electron Impact: Ionization of preliminary excited neu-
trals by means of an electron impact, leading to an spontaneous exothermic de-
excitation of the atom whose energy frees one electron and the atom becomes ion-
ized .
• Indirect Ionization or Autoionization: The collision of an electron with a neutral
results in an intermediate highly excited state which subsequently decays as a form
of ionization. This type is of ionization is quite important in high dense and hot
plasma and just in rare situations may be present in cold plasma with low ion density
like our case of study [25].
• Ionization by Collision with Heavy Particles: Ionization process that takes place
during ion-molecular or ion-atomic collisions, and in collisions between electron-
ically or vibrationally excited species when the total collision energy exceeds the
ionization potential.
• Radiative Ionization or Photoionization: The ionization of a neutral resulting
from the collision with photons.
• Surface Ionization: This type of ionization takes place in the boundary between
the plasma and its container, so it may be conditioning for the designed material of
the container. However, it will not be further explained in this thesis as it is primary
directed towards the study of the collisions in a complete plasma environment.
3.1.1. Direct Electron Impact Ionization
As introduced, in this process the common involved particles are electron and neutrals
and, specifically, the collision takes place between the striking electron and the valence
electron of the neutral. During this interaction, the ionization of the neutral (represented
in Figure 3.1) takes place when the energy transfer ∆ε between the incident electron
with energy ε and the valence electron exceeds the ionization potential I of the neutral.
This type of ionization is the most important in cold or non-thermal discharges where the
electric fields (and so the electron energies) are high, but the level of excitation of neutrals
is relatively moderate.
Fig. 3.1. Direct electron impact ionization process [1]
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As this type of collision is present in all plasma configurations, regardless of the de-
gree of ionization, it is the process around which most models have been developed. Each
of these models, which are presented below, was designed, or resulted more accurate, for
a specific type of ionization. Thus, when performing the simulation, it is important to
apply the appropriate method for the studied situation.
3.1.1.1 Thomson Model
[2]The most basic Thomson formulation simplifies the problem by assuming that the
valence electron is at rest and neglecting the interaction of the colliding electrons with
the rest of the neutral particle. It derives an expression for the cross section starting from
its differential expression, in terms of the energy transfer ∆ε, defined by the Rutherford
formula
dσi =
1
(4πϵ0)2
πe4
ε(∆ε)2
d(∆ε) (3.1)
Integrating Rutherford formula and accounting for the condition ∆ε ≥ I which indi-
cates that the ionization process takes place (being I the ionization energy required by the
atom), the most basic “Thomson formula” is obtained:
σi =
1
(4πϵ0)2
πe4
ε
(
1
I
− 1
ε
)
(3.2)
In general, the previous equation should be multiplied by the number of valence elec-
tron Zv. Additionally, it is interesting to point that, following Thomson formula, the
maximum collision cross section takes place when the electron energy equals εσmax = 2I,
leading to the value
σmaxi =
1
(4πϵ0)2
πe4
4I2
(3.3)
However, to obtain more accurate results it is attractive to introduce the effect of the
kinetic energy of the valence electron, εv, for which Equation 3.2 me be adjusted as
σi =
1
(4πϵ0)2
πe4
ε
(
1
ε
− 1
I
+
2εv
3
(
1
I2
− 1
ε2
))
(3.4)
Next improvements introduce the neglected interaction of the valence electron with
the rest of the neutral. A common approach to do so models such interaction as a Coulomb
interaction. Then, classical mechanics state that εv = I and the cross section takes the form
σi =
1
(4πϵ0)2
πe4
ε
(
5
3I
− 1
ε
− 2I
3ε2
)
(3.5)
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As it can be derived, the electron energy for which the updated cross section is max-
imum is lower than the previous one, εσmax = 1.85I, which leads to a maximum cross
section value twice as much as the previous one:
σmaxi =
1
(4πϵ0)2
πe4
2I2
(3.6)
Nevertheless, the resemblance of all the previous expressions enables the formulation
of a general expression for the cross section as
σmaxi =
1
(4πϵ0)2
πe4
I2
Zv · f
(
ε
I
)
, (3.7)
and the results of experimental data agree with the results provided by that the Thom-
son formula of Equation 3.2 when the function f remains between two limits. So, it may
be stated that Thomson formula
σi =
1
(4πϵ0)
πe2
I2
Zv f (x) (3.8)
with f (x) = 1x − 1x2 , x = εI , is valid for the range [2]
10(x − 1)
π(x + 0.5)(x + 8)
< f (x) <
10(x − 1)
πx(x + 8)
(3.9)
3.1.1.2 Gryzinski Model
Alike Thomson model, Gryzinski approach also predicts the cross section as a function
of the loss of energy in the interaction. It states that the cross section QG(ε, εkλ,∆ε) for
an energy loss greater or equal than ∆ε by an incoming electron with energy ε colliding
with one of the ξk bound electrons in the kth level is defined as [26]
QG(ε, εkλ,∆ε) = 4πa20
(
εH1λ
∆ε
)2
ξkg(u, v) (3.10)
where
g(u, v) =
u − 1
u2
( u
u + v
)3/2 (
1 − 1
u
)v/(v+1) ⎧⎪⎪⎨⎪⎪⎩1 + 2v3
(
1 − 1
2u
)
ln
⎡⎢⎢⎢⎢⎣e + (u − 1v
)1/2⎤⎥⎥⎥⎥⎦⎫⎪⎪⎬⎪⎪⎭ (3.11)
being u = ε
∆ε
and v = εlλ
∆ε
.
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Through this approach, it is seen that the the equation is applicable for a wide range
of energy transfers, which, in theory, allows it to study ionization processes as well as
excitation ones. For the current interested ionization process, it is deducted that its cross
section takes place when the condition ∆ε = εkλ is satisfied, so that the parameter v equals
the unity and the previous expressions become
σ(k→λ)G (ε) = 4πa
2
0
(
ϵH1λ
ϵkλ
)2
ξkg(u, 1) (3.12)
being
g(u, v) =
u − 1
u2
( u
u + 1
)3/2 (
1 − 1
u
)1/2 {
1 +
2
3
(
1 − 1
2u
)
ln
[
e + (u − 1)1/2
]}
(3.13)
and u = ε
∆ε
= ε
ε:kλ .
The derivation followed to obtain the Gryzinski equation, although based in classical
mechanics, performed some ad hoc assumptions to adjust the final results with experimen-
tal values. For this reason this model may be conceived as a semi-empirical approach.
Nevertheless, several comparison between this model and experimental results have
been made and these equations do not differ too much from the measured values. A wide
number of comparisons were made by Ochkur and Petrun’kin [26] in 1963 both around
the threshold ionization energy and away from that region and computed results differed
no more than a factor of two from the measurements. However, better agreement with
empirical results, of less than an order of magnitude, were presented when the comparison
was made with excitation cross section.
3.1.1.3 Drawing Model
The Drawin Ionization Model introduced in 1961 was experimentally demonstrated by
Mathus and Badrinathan to predict the cross-section for the first double ionization due
to electron-neutral inelastic collision [3], [27], specifically for the following ionization
process:
Xe + e− −→ Xe++ + 3e−
The Drawin model may be seen as an modification of the Gryzinski model to fit the
computed cross section with empirical results. For such purpose, a “universal” equa-
tions is expressed in terms of the electron energies (as the Gryzinski model) as well as in
terms of two constants, β1 and β2. These constants are the parameters to be determined
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through empirical measurement to fit the equation to the results, making this model to be
conceived as an empirical model.
The just mentioned “universal" formula suggested by the Drawin Ionization Model is
σi++ = 2.66πa20β1
(
εHi
εi
)2
ξkg(u) with g(u) =
u − 1
u2
ln (1.25β2u) (3.14)
In this case εi = threshold energy for the double ionization, as it is expressed for the
above reaction as an example of how it would be adjusted to double ionization reactions,
although this formula also works well for first ionization reactions.
As this approach was derived from the Gryzinski model, most of the times there is not
much difference between choosing either of these models for the study case. However,
despite the accuracy of this particular method, the necessity of performing and empirical
fitting to obtain the constants makes this model to be available for vary few species. Some
of the constants that have been measured for some propellants are presented in the next
table.
Table 3.1. DRAWIN MODEL CONSTANTS FOR ARGON AND
XENON
Specie β1 β2
Argon 0.82 1.00
Xenon 1.00 0.80
3.1.1.4 Bell Model
When considering the second single ionization (for example the reaction Xe+ + e− →
Xe+2+2e−) it is preferred to manage the ionization data in the form of rate coefficients in-
stead of using the cross section approach (notice that this preference was advanced in the
introductory chapter)[28]. The rate coefficients are often computed from the ionization
data by means of an averaging of the ionization cross section over the electron veloc-
ity/energy distribution function. Some of the mathematical procedures to perform this
integration is proposed by Crandall et al. [29]. As it has already been commented, the
distribution function for the electron velocity is considered in this procedure to follow a
Maxwellian distribution [28].
Bell Ionization Model, then, makes use of rate coefficients to model the inelastic
electron-atom collision. Together with the Clenshaw’s algorithm [30], Bell provides the
following analytic expression for the rate coefficient [28]:
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α(T ) =
1
2
√
Te exp
(
− I
kTe
)
(b0 − b2) (3.15)
where: I = Ionization energy of the sample to study [eV]
k = Boltzmann constant ≃ 8, 6173324(78) · 10−5 [eV/K]
Te = Electron energy expressed as a temperature [K]
b0 and b2 = f (Te) parameters obtained using Clenshaw’s algorithm [30] [cm3/s]
In order to adjust Bell model to simulate the collisions such as that previously shown,
two parameters of O(1), f1 and f2, are introduced into the Bell model[3]:
α(T ) =
1
2
√
Te f1 exp
(
− f2 IkTe
)
(b0 − b2) (3.16)
In a similar way to the Drawin model, to set the values of the constants f1 and f2
empirical measurements must be performed to assign them the values that lead to most
accurate predictions. Moreover, naturally this constants adopt different values for different
plasma species, and the equation is adjusted to the particular study case. This becomes a
disadvantage of this model, as numerous researches must be carried over a large scope of
species to allow this method to be widely used.
In addition, this model has a drawback: the hypothesis of considering the electron
velocity as a Maxwellian distribution is not accurate at all because the released electrons
in the collision make this distribution to be more complex[3].
3.1.1.5 Theoretical comparison and comments on the proposed models
As remarked during the previous presentation of the diverse models, some of them were
specifically developed to model a particular type of direct ionization process.
Concerning the most basic ionization reaction (Xe + e− → Xe+ + 2e−), the Thomson
model stands over the rest. However, it must be taken into account that it is restricted
to the energy ratio range described in the expression 3.9. The Gryzinski model provides
less accurate, but valid enough, results for this reaction, being also able to be evaluated at
different energy ranges with a somewhat acceptable estimation of the cross section.
Derived from the Grazinski model, the empirical Drawin model is appropriate for the
study of single and double ionization reactions (Xe + e− → Xe+2 + 3e−). Unfortunately,
the empirical character of this model makes it unavailable until the respective constants
are fitted for different species.
The same problem is presented in the Bell Model, which best fits reactions concerning
the second ionization of an element (Xe+ + e− → Xe+2 + 2e−).
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Higher order ionization process are not worthy to consider in the simulation of plasma
codes as they account for a very little fraction of the total process. For example, the
cross section ratio between triple ionization and single ionization of Xenon is of the order
O(0.01). This means that the cross section for single ionization is two orders of magnitude
higher than for triple ionization [31]. Taking this fact into account, triple ionization is
not a primary interest for the study of plasma generation. Figure 3.2 provides support
to the previous claim as it shows how the cross section values decrease with increasing
ionization degree.
Fig. 3.2. Ionization cross section by electron impact for different ionization degrees [4]
3.1.1.6 Databases sources and Experimental Measurements:
It is noticeable that the current modeling of direct ionization reactions is restricted to a
limited number of species due to empirical fitting requirements. So, at the time of se-
lecting cross section values to be further used, it is preferable to retrieve information
from databases or empirical measurements, as the validity of their values is usually sup-
ported by different sources. Some of the databases consulted during the elaboration of
this project are:
− LXCat database [22]: resulting from the Plasma Data Exchange Project to make
freely available to the community interaction data including cross sections, swarm
parameters, reaction rate...not only of ionization reactions, but also elastic and ex-
citation interactions.
− NIFS database [23]. This database belongs to the National Institute of Fusion Sci-
ence of Sokendai, Japan. It provides free access to ionization cross section and
rates, as well as data for excitation, recombination and charge exchange processes
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among other. Even though this database is oriented to fusion physics applications,
some interactions for the purpose of this thesis can be found in it.
− NIST database [32]: From Physics Measurement Laboratory of the National In-
stitute of Standards and Technology (U:S), provides collision data from a more
chemist standpoint. However, this database is more restrictive for the public than
the previous ones and specific species for the interest of this project were not avail-
able.
Concerning the empirical methodologies, the most reliable way to measure cross-
sections is (Multi-)Crossed-beam method. In this method, parallel primary and secondary
beams (for example electron and Xe beams) are crossed at right angles to keep the scat-
tering region as small as possible [33]. Then, a moving detector measures the differential
cross section of the process. While the accuracy of this method is undeniable, it suffers
from two disadvantages/issues: Due to space charge particles repulsion, the energy of the
ion beams cannot be lowered too much without losing ion current, and the motion of the
detector inside the vacuum chamber is quite complicated.
The Multi-crossed-beam method tackles this issues making use of multi-slotted masks
in the beam source and in the detector [34], as sketched in Figure 3.3. The resulting
encoded beams generate a square pattern of scattering areas that, measured through the
specific mask’ slot pattern of a fix detector, highly accurate cross sections are measured.
Fig. 3.3. Conceptual design of the multi-crossed-beam method [34]
In general, all the experimental procedures to measure a collision cross section are
composed of at least one beam of particles, an area where reactions take place (by col-
lision with a crossed beam or a gas volume), and a detector device to measure the cross
section from the received data (charge densities, waves lengths, amount of radiation,...).
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However, empirical measurements require a monetary investment in the equipment
and the beam species. For this reason, there are not experimental data for all the pos-
sible interactions. For these unmeasured collisions, the mentioned databases commonly
retrieve their values from a highly supported and accurate program that solves the Boltz-
mann equations of transport for electrons under the influence of electromagnetic fields:
the Magboltz program[35], [36].
3.1.2. Stepwise Ionization by Electron Impact
In the situation where the concentration of electrons, and thus the concentration of excited
neutrals, is relatively high, the necessary ionization energy I may be provided in two
different ways:
1. A direct ionization process, where the energy can be provided by the interaction of
the excited neutrals with the plasma electrons.
2. The ionization energy required may be obtained from the high energy preliminary
electronic excitation. This process is the so called Stepwise Ionization.
Oppositely to direct ionization, stepwise ionization requires of several electron im-
pacts. First, an excited specie results from an electron-neutral collision. The actual ion-
ization act is provided by the collision of this excited neutral with a relatively low energy
electron.
Fig. 3.4. Stepwise ionization by electron impact
While both processes (direct and stepwise ionization) provide the same amount of
energy, stepwise ionization contributes the most in the total ionization rate. Due to the
fact that the statistical weight of electronically excited neutrals exceeds that one of free
plasma electrons, the stepwise ionization is much faster than direct ionization if the level
of electronic excitation is high enough. Explained in terms of energy, if Te << I (electron
energy much lower than ionization potential), the free plasma electrons have much less
probabilities of reaching the ionization energy than the excited particles.
32
As it has been briefly explained, the stepwise ionization is an interaction with high im-
portance in the prediction of the behaviour of plasma with high density of electrons and
excited neutrals. In this case, the contribution of this collision can be easily implemented
as it is easily compared with that one of direct electron impact ionization. Specifically,
when modelling such interactions with rate coefficients (which is preferable for the hy-
brid/PIC code), the ratio between both rates follows the approximated formula [2]:
ksi (Te)
ki(Te)
≈
(
I
Te
) 7
2
(3.17)
where ksi (Te) and ki(Te) are the rate coefficient functions of the stepwise and direct
ionization by electron impact respectively, I is the ionization energy of the specie, and Te
the velocity (expressed as energy) of the electrons flow.
3.1.3. Indirect Ionization or Autoionization
Autoinization processes result from the excitation of a particles’ core electron into an
intermediate high energy state which subsequently decays and an electron or electrons
are released. Even though this type of collisions is highly relevant in hot dense plasma,
in rare occasions it may be present in cold plasma with a low density of ions [25]. Then,
just a brief introduction for this type of collisions will be provided to transmit the basic
knowledge for a case that, although extremely improbable, may be possible.
This type of indirect ionization can be classified as “non-resonant” and “resonant”[37]
depending on the result of the first interaction. Within non-resonant processes, a first
collision with an electron provokes the excitation of an inner-shell electron or directly
its ionization. In the former situation, Excitation-autoionizaton (EA), the exothermic
deexcitation will result in the release of an outer electron and, thus, the ionization of
the atom. In the latter, Ionization-autoionization (IA), the “hole” created by the ionized
electron is filled by one of the outer electrons and, thus, the atom becomes ionized.
Oppositely to non-resonant processes, resonant interactions are characterized by the
capture of the first striking electron at the same time that an inner-shell electron gets
excited. Depending on the decay mechanism to the final ionized atom, the process is
defined as: Resonant-Excitation-Double-Autoionization (REDA), where the atom expe-
riences two subsequent deexcitation processes; and Resonant-Excitation-Auto-Double-
Ionization (READI), in which two electrons are simultaneously emitted in the decay pro-
cess.
This type of indirect autoionization are complex to predict due to the subsequent steps
that take place and the inherent properties for each specie that dictate the decay process
and rate.
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3.1.4. Ionization by Collision between Heavy Particles
Oppositely than with electrons, in ionization processes through collision between heavy
particles, ions and neutrals, even if these have the sufficient kinetic energy, they cannot
ionize the striking particle due to the fact that their velocities are much lower than those of
electrons in electron impact ionization processes [2]. That is, even if the particle has the
enough energy, due to its reduced velocity it will not be able to transferred the required
energy for the ionization of the partner particle.
Nevertheless, the situation is much different when the heavy particles are electroni-
cally excited. If the colliding heavy particles have a total electron excitation energy close
to the ionization potential of one of such particles, the resonant energy transfer and effec-
tive ionization may occur. Two specific examples are used to illustrate these non-adiabatic
ionization processes: the Penning ionization effect and the Associative ionization.
Penning ionization:
The Penning ionization may result from the collision of a stable excited atom A*,
a metastable atom; and another atom B, whenever the electron excitation energy of the
metastable A* exceeds the ionization potential of the atom B. Thus, this type of pro-
cess usually takes place through the intermediate generation of unstable excited quasi
molecules.
The ionization cross sections of this type of ionization are very high. For example, its
contribution to the total kinetics of plasma generation is significant (O(10−18)m2) when
the following pair of highly excited metastable species are present (Element(“excitation
energy”)): Ne(16.6eV), He(23S , 19.8eV)[2].
Associative ionization:
This process follows the same principle of the Penning ionization, but in this case, the
stability of the intermediate excited quasi molecule is different. Associative ionization
occurs when the total electron excitation energy of the colliding particles is lower than
the ionization potential of any of the particles. In such case, the heavy species stick
together as a molecular ion whose bonding energy contributes to the ionization process.
In other words, the sum of the electron excitation energy of both particles is lower than
the ionization potential of any of such particles separately, but exceeds the ionization
potential of the molecule formed by the particles and, consequently, the collision results
in the ionized molecule:
A⋆ + B → AB+ + e− (3.18)
Similar to Penning ionization, associative ionization cross sections might be quite
high.
Despite the notorious values that the cross section may adopt for these collisions with
heavy particles, this type of interactions are more relevant in plasma isolated from electric
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fields [2]. Combining this with the fact that the current hybrid/PIC codes simulate an
uniquely element species (combination of different propellant are not being simulated),
the cross sections of this type of collisions will not be required to be implemented.
3.1.5. Radiative Ionization or Photoionization
Apart from collisional ionization processes, ionization may also occur through the inter-
action with high energy photons [2]. In its basis, the photoionization process of a neutral
particle A, with ionization potential I[eV],through the interaction with a photon, ω, with
wavelength λ may be treated depicted as (the energy of the photon is identified as ℏω, and
satisfies the relation ℏω = ℏ2πc
λ
[1]):
ℏω + A −→ A+ + e−, λ < 12, 400
I(eV)
Fig. 3.5. Radiative ionization
To ionize a ground state atom, usually the photon wavelength should belong to the
ultraviolet range, that is λ < 1000Å. However, in the case the photon strikes a previously
excited atom or molecule, the effective ionization of such may be obtained with lower
photon energies and longer electromagnetic waves.
Despite the high value cross sections shown for photoionization, the photoionization
contribution to most of the total ionization process is usually insignificant due to the
low concentration of high energy photons. Still, there are a few of situations where this
process plays an important role as a source of new seed electrons for further ionization by
electron impact. It is the case of the following discharge processes[2]:
• “Streamer propagation in nonthermal discharges, where photoionization supplies
seed electrons to start electron avalanches”.
• “ Propagation of nonthermal and thermal discharges in fast flow (including super-
sonic flow) where the rest of propagation discharges are too slow”.
• “Non-self-sustained discharges where the ultraviolet radiation replaces the relativis-
tic electron beams” to pre-ionize the gas.
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These situations, however, are not of special relevance in the simulations performed
by hybrid/PIC codes and, thus, the collision cross section do not need to be provided.
Nevertheless, as it will be introduced in next section, photon collisions should be also ac-
counted in some plasma in relation with radiative recombination, which releases photons
that my lead to undesirable or unexpected further ionization reactions.
3.2. PLASMA RECOMBINATION PROCESSES
Together with all the interactions presented in the previous section, which describe the
generation of ions and free electrons (plasma generation), there exist a variety of other
types of interactions which produce the absorption of the free charged particles the char-
acterize plasma (“loss” of ions). That is, this last type of interactions provoke the recom-
bination of the plasma.
The final degree of ionization of the plasma is a balance between the ionization colli-
sions (source of charged particles) and the charge-loss interactions (sink of charged parti-
cles). Then, it is highly important to have a basis of the different types of interactions that
may result in the lowering of the ion-density in the plasma. In a general approach, these
processes may be classified in terms of the channel through which the charged particle is
recombined [1], [2]:
• Electron-Ion Recombination: Exothermic collisions between charged particles
that result in their mutual neutralization. Three main electron-ion recombination
processes are matter of study:
– Dissociative electron-ion recombination
– Three-body electron-ion recombination
– Radiative electron-ion recombination
• Ion-Ion Recombination: The decrease of the plasma ionization degree results
from the neutralization of a positive ion through the collision with a negative ion.
At the same time, the latter type of ions have appeared from the attachment of elec-
trons to a neutral atom. Consequently, the density of free electrons in the flow is
also reduced, with the respective influence in the collisions involving free electrons.
Even though this interaction requires two different species and the destination codes
of this study consider just one propellant, a description of this type of collision will
be provided to serve as a first contact with a potential step forward in the research:
the simulation of mixing propellants.
• Surface Recombination: In a similar way than the surface ionization, plasma
charged particles may be reduced through the interaction with the walls of the con-
tainer, usually in the form of diffusion. Alike its ionization partner process, this
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thesis focuses on the collisions appearing from an isolated plasma volume, so sur-
face recombination cross sections would be a further expansion of the current study.
3.2.1. Electron-Ion Recombination
As just introduced, electron-ion recombination collisions lead to the neutralization of two
charged particles through a highly exothermic process. Indeed, the released energy during
the collision corresponds to the ionization potential of the neutralized specie. This is a
good estimator of the amount of energy released, as usually the order of magnitude of the
ionization energy of common plasma propellants studied is of several electron-volts. The
mechanisms through which this energy is absorbed by the systems clearly differentiates
three main types of processes: Dissociative, Three-body and Radiative.
3.2.1.1 Dissociative electron-ion recombination
AB+ + e− → (AB)⋆ → A + B⋆ (3.19)
As formulated, the energy is guided into a resonance process that results in the disso-
ciation of the molecular ion and the following excitation of, at least, one of the products.
Along the process, and intermediate excitation state of the complete molecule is present.
This state is defined as a “repulsive autoionization” level of the molecular ion, The dis-
sociation takes place when this autoionization state is maintained as the neighbour atoms
travel apart on the repulsive term.
This reaction is the fastest recombination process within molecular plasma (with rel-
evant presence of molecular ions). with rate coefficients inversely proportional to the
electron and gas temperatures (and, thus, energies) as expressed in Equation 3.20[2].
keir (Te,T0) ∝
1
T0
√
Te
(3.20)
Then, these collisions are important in the range of energies studied in this thesis (<30
eV) and should be accounted if molecules are present in the system.
3.2.1.2 Three-body electron-ion recombination
A+ + e + e → A⋆ + e (3.21)
Fig. 3.6. Three body recombination
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In this recombination reaction, the released energy is directed towards increasing the
kinetic energy of the resulting free electron, the so called “third body”. Concerning the
complete description of the process, the collision of two electrons with a positive ion
passes through the capture of one of those electrons by the ion, and the released energy
being transferred to the remaining electron[2]. Notice that this process behaves as the
inverse reaction for the direct electron impact ionization collision.
The three body recombination is the most relevant plasma recombination process in
high density equilibrium plasma of total temperature in the order if 1eV . It is desirable to
provide a measurement of the collision as a reaction rate coefficient, accounting for the
three-body property of the system, writes
keeir =
σ0
I
(
I
Te
)4.5
10−14 {cm
6
s
} (3.22)
Paying attention to the previous formula, the consideration of the involvement of
the three particles is present in the units of the coefficient, accounting for the three-
dimensional space of each of the two “two-body" problems (2x[Ion-electron]), resulting
in a rate units of cm6/sec.
3.2.1.3 Radiative electron-ion recombination
A+ + e− → A⋆ → A + ℏω (3.23)
Fig. 3.7. Radiative recombination [1]
Being introduced at the end of the ionization collisions, the radiative electron-ion re-
combination behaves as the inverse reaction to the photoionization. In the recombination
interaction, the free electron interacting with the positive ion is absorved by the latter,
which gets highly excited. Then, the relaxation of the excited atom release a high amount
of energy in the form of a photon. Due to the requirement of a photon emission, this
process is relatively slow. Nonetheless, it may be an outstanding role in the balance
of charged plasma particles when the plasma density is low and no molecular ions are
present.
Even though this interaction leads to moderate cross sections in the aforementioned
plasma, of the order of 10−21cm2, it has low influence for the plasma being considered by
the hybrid codes, in the same way that happened with its ionization conjugate process.
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3.2.2. Ion-Ion Recombination
Ion-ion recombination stands as the prime cause of plasma recombination due to elec-
tron attachment processes to neutrals becoming negative ions. These negative charges
neutralizes the positive ions characteristic of the plasma. The collision rate coefficients
associated with these interactions are generally high, independently of the environmen-
tal conditions at which the plasma is studied, as shown by Figure 3.8. Indeed, different
ion-ion recombination mechanisms are dominant in different pressure ranges [2].
Fig. 3.8. Ion-ion recombination rate dependence with pressure [2]
For the purpose of the hybrid codes for which this thesis is performed, pressure ranges
near vacuum will be the ones to be considered . This is coherent, as the real conditions in
which the final devices operate in space correspond to vacuum pressure levels, lower than
5 · 10−5mbar[38]. In these range of pressures, the mechanisms of plasma recombination
that predominate correspond to binary ion-ion collisions [2], where the transferred energy
lead to electronic excitation of one of the species:
A− + B+ → A + B⋆ (3.24)
In a first approach, the interaction of the two ions can be treated as a Coulomb at-
traction, explained in Chapter 2. When the two heavy particles are far away from each
other, the Coulomb potential is lower than the difference in potential of the colliding ions
(A− − B+, corresponding to the electron affinity of particle A: EAA), and greater than the
resultant potential difference (A − B⋆ ≃ IBn , where I is the ionization potential of particle
B and n its principal quantum number after recombination). So, the Coulomb energy at
the approaching phase may be approximated to be in the range
∆E ≈ IB
n2
− EAA (3.25)
From this expression, it is observed that if the principal quantum number is known
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to be low, the electronic terms of the reactants and the products are close during the
approaching phase. However, this parameter is usually unknown, so the energy range is
usually approximated to the electron affinity: ∆E ∼ EAA
At the same time, the high reaction rates of dominant in ion-ion recombination pro-
cesses, as provided in Figure 3.8, indicate that the reaction is prompt to take place even
when the ions are still at large distances, Rii. Consequently, the Coulomb attraction, even
at large distance, is sufficient to compensate for the required ∆E. Then:
Rii ≈ e
2
4πϵ0
1(
IB
n2 − EAA
) ≈ e2
4πϵ0EAA
∼ (3.26)
The cross section can be then computed from the conservation of angular momen-
tum in the hyperbolic Coulomb trajectory and through its impact parameter, b, which is
proportional to the kinetic energy ε in the center of mass of the system:
b ≈ Rii
√
EAA√
ε
(3.27)
This results in the recombination cross section as:
σiirec = πb
2 ≈ π e
4
(4πϵ0)2
1
EAA
1
ε
(3.28)
Nonetheless, there is still one effect that must be accounted in the recombination cross
section. It is the case of quantum electron tunneling [39], which provide and additional
dependence on the kinetic energy in the form
σiirec ∝
1√
ε
(3.29)
and leads to the final ion-ion recombination cross section:
σiirec ≈ σ0
I
EAA
I
ε
where σ0 =
1
(4πϵ0)2
πe4
I2
(3.30)
3.3. CHARGE EXCHANGE COLLISIONS
In its most basic formulation, during a charge exchange interaction an energetic ion ab-
sorbs an electron of a cold (less energetic) neutral, which adopts the energy levels of the
previous ion and this one the energy levels of the initial cold neutral.
A+ + B → A + B+ (3.31)
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Fig. 3.9. Charge transfer/exchange collision [1]
These interactions are responsible for the presence of any neutral in the center of a
dense plasma. Furthermore, the high cross section values (O(10−19)m2) [1] indicate a
very low probability of having a hot-ion plasma with an appreciable neutral-gas density
in its interior. Ions rapidly turn into energetic neutrals, which allows them to travel larger
distances into the plasma volume. Chain reactions of consecutive charge exchange inter-
actions may occur, which lead to successively higher energized neutrals that, in the end,
are able to escape the plasma volume. Due to this effect, this reactions a highly important
in the simulations in near-plume regions as they lead to back-flow of plasma against the
satellite [40], as represented in Figure 3.10.
Fig. 3.10. Near-plume region back flow due to charge exchange interactions [40]
Similar to ion-ion recombination, quantum effects are present in charge exchange in-
teractions. These allow to make a subdivision into resonant processes, whose initial and
final quantum mechanical states have the same energy; and non resonant charge trans-
fer processes. However, the interest is primarily set in the former, as they present much
higher cross sectional values and, thus, are much more probable to take place.
To obtain a preliminary theoretical value for the cross section, the Coulomb energy
potential of the transferred electron is constricted in the the coulomb field of A+ and B+
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[2]:
U(z) = − e
2
4πϵ0z
− e
2
4πϵ |rAB − z| (3.32)
where z is the electron distance from the center of the coulomb system and rAB the
distance between the colliding particles.
In the framework of classical mechanics, Equation 3.32 is constrained with the upper
limit of the initial energy EB required to transfer the electron from the n energetic level.
So
EB = − IBn2 −
e2
4πϵ0rAB
≥ Umax = − e
2
πϵ0rAB
(3.33)
which allows to obtain the maximum distance at with the reaction will take place:
rmaxAB =
3e2n2
4πϵ0IB
(3.34)
Then, the classical reaction cross section is obtain through the idealization [2]
σclassch.ex = π(r
max
AB )
2 =
9e4n4
16πϵ2I2B
(3.35)
Nevertheless, quantum effects, specifically electron tunneling, result in a total charge
exchange cross section much higher than the results derived from Equation 3.35.
The accounting for electron tunneling [39] requires the analysis of an additional cross
section that expresses such effect. The derivation of this added cross section is a function
of the relative velocity of the colliding partners (v), the potential barrier height (∼ IB) and
width (“d”). Final estimations of this parameter take the form
σtunnch.ex ≈
1
IB
(
πℏ
8me
) (
ln
(
IBd
ℏ
)
− ln(v)
)2
(3.36)
≈ 1
IB[eV]
(
6.5 · 10−7 − 3 · 10−8ln(v)[cm/s]
)2
(3.37)
Due to the high complexity of the previous derivation, a multitude of different ap-
proaches with fitting equations have appeared, resulting in proposed general expression
in terms of constants whose value changes for each specie [41]–[44].
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4. DATABASE GENERATION
Up to this moment, a simplified background of all the collision reactions has been
provided, as well as the identification of those relevant for the objective of this thesis. In
addition, several developments and methodologies to measure the cross section of these
processes were explained. Now, it is the time to design the storing method that shall be
used to gather the collision cross sections of all the process and from which the hybrid/PIC
codes will extract the required information for their computations.
4.1. Database Structure
The database to be generate will be storing the different collision information of not just
one type of interaction, but as much relevant interactions as possible and the maximum
amount of species combinations. The information must contain data of different types of
ionization reactions, excitation processes, charge exchange collisions ... between different
particles, elements and molecules.
With all the different combinations that must be stored, it is essential to design a
simple but efficient organization system. The simplest organization model allowing a
quick informative view of the data is a table, in which the data of each box is related to
the corresponding column and row header. For the purpose of this database, the simplest
way to classify the rows and columns is in terms of the colliding species. Then, each row
and each column of the table will correspond to a specific specie, and the intersection cell
will collect the information of a collision between such species. Additionally, if the row
and column species are set to be equal, the table is simplified to half of it, avoiding cells
with redundant information. A preliminary example of this organization is presented for
Xenon in Figure 4.1
Fig. 4.1. Database preliminary organization model
Once the general style has been set, the next step is to design a sorting system that
enables a coherent organization within one specie. This chosen system must work with
all the species to be included in the database to make it a simple as possible. The easiest
and most understandable way to sort the different states within the same specie is by
the increase of energy/charge level. Following this model, the first element to appear
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will be the most negatively charged specie and the last one the most positive particle.
As the elementary negative charge particle, the electron will remain as the first element,
corresponding to the upper left corner in the graphical representation of the database.
Notice that if there are multiple excitation or ionization levels within one specie, they
will also be sorted in terms of charge. The simple case presented in Figure 4.1 is then
expanded as depicted in Figure 4.2
Fig. 4.2. Organization model implementing the sorting by energy level
When more species want to be added to the database, another sorting method must
be implemented to allow grouping all the collisions of particles belonging to the same
specie. The most universal way is to sort the elements in alphabetical order. However, the
electron collision shall remain in the first location due to the importance of the collisions
involving it. Electron collisions are one of the most common and present interactions in
plasma and, maintaining its first location on the database will allow a quick check of the
interactions that are already stored in the database. A simple result of this structure is
depicted in Figure 4.3, which includes Xenon, Kripton and Argon collisions.
Fig. 4.3. Organization model for binary collision processes
Each of the cells presented in the database will have an inner division corresponding
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to the different collision processes that are being included in the database and the source
from where it has been extracted or computed. In the same way as the species division
previously commented, this one will be appearing as the database is being filled. An
sketch of a suggested resultant divisions after the inclusion of some cross sections is pro-
vided in Figure 4.4. It is obvious that, as depicted, there will be a different inner division
in different pairs of colliding partners as some collision are more probable between some
reactants than others.
Fig. 4.4. Database structure within different collision partners
In the example just provided, it is regarded that reactive couple for which more col-
lision cross sections have been stored is the electron impact collision “e− + Xe”. As it
has been explained in previous chapters, each collision cross section is a measure of the
probabilities of such outcome to occur and, the more information stored, the more ac-
curate the result will be. On the other hand, no data has been included for the colliding
particles “e− +Xe++”, “Xe+ +Xe+” and “Xe+ +Xe++”, perhaps due to the negligible effect
that their outcome could derive. As remarked, this database is specifically created for
hybrid/PIC codes, so it will uniquely gather relevant collisions for such codes. Figure 4.4
also provides the source of the data, which is either a database or a model, such as those
introduced in Chapter 3. Furthermore, it is clear that most of the names of each type of
collision are shortened (i1, e[...], ch_e...), fact that leads to the next step in the database
design: the actual creation of the database.
However, so far only binary collisions have been organized. Unary reactions (such as
spontaneous decay of excited atoms) must be also provided, specifically the de-excitation
rate of different species. This one is an indispensable parameter in reactions such as
stepwise ionization (because it provides an estimation of the survival time of the pre-
excited atom) and thus, it should be collected in the database. For this type of reactions,
a simpler structure is possible as it is an inherent property of the specie. Then, a simple
column table in which each row corresponds to a different specie, as the one suggested in
Figure 4.5, will be sufficient to store this information. Ancillary data such as mass, atomic
number, ... may be also stored in this file as depicted in the mentioned figure (would
correspond to the “specie_info.txt” file). As a final remark, to make this information
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easily accessible, the columns must be ordered alphabetically like in the case of binary
collisions.
Fig. 4.5. Database structure for unitary processes
4.2. Database Generation: Folders and Nomenclature
The idea of how the database aims to look has been established. Next step consists in
physically generate the database. For such purpose a set of rules and nomenclatures are
set to ensure its proper operation.
The database must allow an easy access for the codes. The easiest way to ensure this
condition is by simply generating the designed structure in a personal directory. That is,
the database itself is developed as a "tree" of folders seeded in a specific directory. This
simple built-in allows to have an easy access to any of the information stored. Moreover,
the organization established in the previous section has to be built in the folder structure
in such a way that allows an easy identification and access to the information. This is
achieved in the following way:
1. Concerning a couple of colliding particles, if they belong to the same specie, the
specie with more negative charge is located at a higher level than the more posi-
tively charged particle. For example, if the information wants to be extracted from
a “Xe[5p5 5d]+ Xe+", the directory root will appear as “...\Xe[5p5_5d]\Xe+\.
..". Otherwise, the species are ordered alphabetically as previously commented,
resulting in paths such as “...\Kr+\Xe\...". However, as stated before, all the
collisions by electron impact are of primary relevance and remain in the first lo-
cation, as showed in Figure 4.3. Then, whenever an electron is one of the col-
liding particles, its will be located at a higher lever and the root will appear as
“...\e-\anyotherparticle\...". On the other hand, unary reactions do not
involve two particles and, thus, the appearance of the directory root will be alike
“...\Xe\...”.
Due to the expanding character of the database, it is essential to follow a strict
criteria around the label of the various species and states:
• The electron is labelled as: e-
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• The identification of all the species is done in terms of their nomenclature in
the periodic table with the first letter in upper case style. Examples: Ar, Kr,
Xe, O, I, ...
• Whenever the specie is excited, right after the identification is written between
square brackets the electronic configuration of the last valence layer, making
use of “_” to separate energy levels. Examples: Xe[5p5_5d], Xe[6s_6p], ...
• Whenever the specie is ionized, right after the identification is provided the
sign of the charge and the number of charges. Examples: Xe+1, Xe+2,
Kr+1,...
• As stated, if the colliding particles belong to the same specie, the most nega-
tively charged one is first identified. Examples: Xe\Xe+, Xe[5p5_5d]\Xe+2,...
• As stated, if the colliding particles belong to different species, the are called
in alphabetic order. Examples: Xe\Kr, Ar\Xe,...
• Whenever the collision is due to electron impact, the electron shall be called
first. Examples: e-\Xe, e-\Kr+2,...
Notice that all the root paths provided above as examples follow the just mentioned
criteria.
2. Inside the path of folders of the collision couple, the different interactions are identi-
fied with the following criteria (regard that the labelling must be exactly as provide,
including upper case or lower case letters):
• i1 Ionization reaction of one electron. That is, both of the following ionization
processes will be identified by “i1": Xe→Xe+1, Xe+1→Xe+2
• i2 Ionization reaction of two electrons, as it is the reactions Xe→Xe+2
• e[...] Excitation of the particle. The highest level of the final electronic config-
uration of the excited electron is described inside the square brackets, making
use of “_” to separate energy levels. Examples: e[7s], e[6s_6p],...
• elastic Elastic collision between the colliding particles. No distinction is made
between coulomb collisions and pure elastic ones as they are complementary.
• ch_e Charge exchange.
• de_ex De-excitation rate.
3. To identify the source of the information, the files stored in the folder identified
with the just mentioned criteria must follow as well a label structure. Again, special
attention must be paid to upper and lower case characters:
• source_NAMEOFTHESOURCE The data source can be a database or a
mathematical model. Some examples of data file names are:
– database_NIFS
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– database_LXCAT
– model_DRAWIN
– model_GRYZINSKI
– article_TITLEOFARTICLEWITHOUTSPACES
• The file containing the ancillary data shall be named specie_info, as repre-
sented in Figure 4.6
The properties composing the file itself are discussed in the following section as do
not influence the structure of the database.
4. In the previous points it was fixed the nomenclature and structure of the lower
levels, which identified the pair of colliding species (or the isolated specie in case
of unitary processes), the type of reaction for which the data is introduced, and
the labeling of the file containing the data. However it is still needed to provide
a differentiation between binary and unary processes, as the number of involved
particles has required different amount of structure requisites:
• The folder UNARY will contain all the unary processes gathered. Inside this
folder, the secondary folders are sorted alphabetically to provide an easy and
helpful organization. For example, the final root path of a file containing the
de-excitation rate of the Kripton element will be
...\DATABASE\UNARY\Kr\de_ex\database_LXCAT.txt
Moreover, the file “specie_info” will be stored at the same level as folders like
“de_ex” to avoid confusion in the roots of files that actually contain primary
information. This is clearly exemplified in Figure 4.6.
• The folder BINARY will contain all the cross sections related to binary colli-
sion processes. Inside this folder, the first sub-folder must be the one contain-
ing electron impact collisions, e-. The rest of the sub-folders are in alphabetic
order. Then, the root path of a file containing the first ionization cross section
by electron impact for Argon may be similar to
...\DATABASE\BINARY\e-\Ar\i1\model_DRAWIN.txt
As it is shown in the previous paths, the entire database is stored in one file, called
DATABASE. A sample sketch of the appearance of this “tree” is depicted in Fig-
ure4.6. Some advantages of storing the database this way is the easiness to be saved,
modified and shared from any computer. Even old versions can be shared and used
while it is being upgraded elsewhere. This, however, introduces the disadvantage
that if it is upgraded, the old version will not automatically update and the most
complete version must be forwarded. Nevertheless, the best advantage provided by
this storage method is the ability to be open with any code language being used by
the user. Only a command line to read the file being stored in a specific path is
necessary, without the need of downloading packages or specific software.
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Fig. 4.6. Directories “tree" appearance of the database structure
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4.3. Data Document File Format
All the designed work performed until this point has been focused on providing an easy
access to the data. A second selection must be carried now concerning the easy reading
and understanding of the cross section data. The best approach is to write the cross section
data in the most universal format and the most efficient language as possible.
Regarding the file extension in which the parameters will be written, the best option is
to use to the worldwide extended “.txt” format. These are the simplest data storage docu-
ments and are easily editable with a wide variety of programs, most of which come already
installed in any computer or are freely available, such as Notepad and Notepad++. The
database can be then expanded by a future user with a simple text editor and following the
delivery style and language criteria later explained. Moreover, “.txt” files can be opened
and read by any coding language with a simple command, which allows the database to
be used by a wide variety of codes regardless of their programming environment.
The content layout and the writing style are chosen taking into account that the file
will be opened and read by a variety of codes. For such purpose, the “YAML” writing
standard was selected due to the easiness with which it is read by the variety of coding
environment (in the study case, Python was used) Additionally, apart from the obvious
information like the cross section data and the reference, they must provided some clue
parameters to indicated the codes how to handle the data. For example, it is not handled
in the same way the information provided by a database, which is a set of energies and
corresponding cross sections; than the fitting constants of a Mathematical model, which
must be latter transformed into the set of energies and associated cross sections. While
the codes will be later explained, the structure and language format are now presented,
being exemplified at the end of this section in Figure 4.7
4.3.1. Document content and layout
For the ease and simplicity of further work, all the delivery documents must provide the
maximum amount of information in the best reading structure. The organization and
contents that must be followed in the “.txt” file are the following:
1. TYPE: First and foremost, it must be exposed what type of information is being
provided, whether it was downloaded from another database or where computed
from a mathematical model. As it is a clue parameter for the proper performance
of the codes, the possible options here must be:
• Database indicates the set of data was retrieved from an external database.
• model-Nameofthemodel indicates the model to which the parameters belong.
Examples: model-Drawin, model-Grazynski,...
2. SOURCE: The origin of the information must be given if it was downloaded from
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another database, indicating the name of such source and its URL. For example:
“LXCAT DATABASE: https://nl.lxcat.net/data/set_type.php. This point
may be skipped when the cross sections are computed from a model.
3. RETRIEVAL DATE: Introduced in European style (d/m/y). This will provide an
estimation of the level of update of the cross section in the database.
4. ORIGINAL REFERENCE: While the “SOURCE" section just provides the name
of a the origin, in this section must be indicated the complete original reference and
necessary information to go with it. Usually, the data already stored in external
databases has been provided by specific companies, institutions, specific software
and even other databases. These first providers must be referenced in this section.
Some examples:
«Syage, J.A., Electron-impact cross sections for multiple ionization of Kr and Xe.,
Phys. Rev. A, vol. 46 pp 5666, 1992»
«Biagi-v7.1 (Magboltz version 7.1),
www.lxcat.net/Biagi-v7.1,
COPYRIGHT 2004 STEPHEN FRANCIS BIAGI, Cross sections extracted from
PROGRAM MAGBOLTZ, VERSION 7.1 JUNE 2004»
5. COMMENTS: In this section it is gather all the relevant information relative to
the collision process that is being treated, such as the description of the reaction,
the particles involved, the charge state and electronic configuration of the both,
reactant and products, the method used to measure the cross sections, the number
of measurements provided, the scope of energies covered by the measurements, ...
If the data belongs to a specific mathematical model, as the example provided in
Appendix A, the description of such model as well as the meaning of each of its
parameters is provided in this section.
6. DATA: The last section of the file contains the actual parameters to be used by
the codes. Together with the values, the units must be indicated. In the case of
data retrieved from a database, the information in divided in two sections, one for
energy values and the second one with the associated cross sections, including their
units. The cross sections introduced in this file must be “differential cross sections”.
These will be later integrated over the energy distribution being considered by the
user codes, such as a Maxwellian distribution.
If the parameters provided belong to a specific model, there is a subsection for each
parameter, indicating its value and units as provided by Appendix A
Oppositely to the primary files, that must contained the mentioned sections, ancillary
files may contain any type of extra information believed to be useful by the user. However,
to maintain the same format and be able to be read by the codes, each new information
shall be introduced as a new section and following the required writing standard as ex-
plained in next section.
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4.3.2. Document standard: YAML
The writing environment and syntax in which these files are developed must comply with
to requirements:
1. As previously commented, the codes must be able to read, extract and store all the
information in the most efficient way. The aim of this thesis is to provide cross
section values for hybrid/PIC codes written in PYTHON. Then, an efficient proce-
dure would be to deliver the content in the form of a Python “dictionary” structure,
which allows a clear differentiation between the sections and a quick retrieval of the
parameters knowing its classification.
2. For the ease of writing the file, it is preferable to use a writing format allows users
with none programming skills to build these documents. That is, the writing syntax
should be the closest to the quotidian one.
With this requirements, the best option is to use “YAML” syntax. YAML. “YAML
Ain’t Markup Language”, a “human friendly data serialization standard for all program-
ming languages” [45], [46]. That is, this style is understood by a wide variety of program-
ming languages and has a high resemblance with daily syntax. In addition, this format
allows to write its content in such a way that, when opened by programming codes, it is
directly organized in the desired dictionary configuration. There is no need to implement
special key characters, words or lines that separate content, usually used when the entire
file is read line by line searching for a key that tells it when to do a specific action. To
do so there are variety of rules to and nuances to consider. Together with the fact that
the writing style must ensure the proper compilation of the codes, the following criteria
describing the writing procedure must be fulfilled:
• In Python, the dictionary structures are contained between curly bracket “{}"" and
contain a key section and a value section, separated by a colon followed by a space.
The key is the name of the section, so when a value wants to be extracted, the
command makes reference to its key. Value sections can contain strings of charac-
ters, number arrays (both described in the following points), and more dictionaries.
The, the established sections that contain more specific section must include their
information between these characters. Example: ’COMMENTS’: {...}
• All the strings are contained between quotes and, if quotes are contained within the
string, the string shall be contained between double quotes. Example: ’ORIGINAL
REFERENCE’: "[...] and V. Guerra ’Electron-neutral scattering cross sections for
CO2: a complete and consistent set and an assessment of dissociation’ 2016 [...] "
• Isolated numbers do not required to be included between special characters. How-
ever, number arrays must be written inside square braces. Examples: ’# OF MEA-
SUREMENTS’: 32, ’RANGE OF ENERGIES’: [12, 200]
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• As shown in the previous examples, all the section titles are written in capital letters,
including those referring to the units and values of the data (as shown in Figure 4.7).
An exception is made for the data obtained through mathematical models. In these,
the mathematical model constants shall be identified with the name of the associated
letter accounting for upper or lower case characteristics (as depicted in Figure A of
Appendix A)
• Different sections are separated by a comma or double newline. Additionally, if
a clear “tree” structure wants to be performed, some software do not handle tab
commands for dictionaries (it is the case of Notepad++). In this situation, as its is
the case of the file provided in Figure 4.7, the lining-up must be done be successive
spaces to ensure the proper working of the codes.
• As a final remark, if explanatory notes are required about a specific content, they
should not be read by the code. To do so, they are identified with a blank space fol-
lowed by a number sign # and are located outside quotes. Example: ’RETRIEVAL
DATE’: ’...’ #(d/m/y)
A suggested finished “.txt” file for cross section values extracted from an external
database is provided below in Figure 4.7. The corresponding file template for cross sec-
tions computed from a model is provided in Figure A of Appendix A.
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1 ’TYPE ’ : ’ Database ’
2
3 ’SOURCE’ : ’ NIFS DATABASE: h t t p s : / / d b s h i n o . n i f s . ac . j p . ’
4
5 ’RETRIEVAL DATE’ : ’ 2 5 /0 3 /2 0 1 9 ’ # ( d /m/ y )
6
7 ’ORIGINAL REFERENCE ’ : ’ Wetzel , R . C . & Ba iocch i , F .A. & Hayes , T . R . & Freund , R . S .
8 1987
9 A b s o l u t e c r o s s s e c t i o n s f o r e l e c t r o n − im pa c t i o n i z a t i o n o f t h e r a r e −gas atoms by t h e f a s t −
n e u t r a l −beam method
10 Phys . Rev . A,
11 v o l . and i s s u e 35 , page 559 ’
12
13 ’COMMENTS’ : {
14 ’PROCESS ’ : ’ I o n i z a t i o n e− + Xe −−> 2e− + Xe+ ’ ,
15 ’SPECIES ’ : ’ e /Xe ’ ,
16 ’ INITIAL STATE ’ : ’Xe +0 ’ ,
17 ’ INITIAL # e − ’ : 54 ,
18 ’ INITIAL E . C . ’ : ’ [ Kr ] 4d10 5 s2 5p6 ’ ,
19 ’FINAL STATE ’ : ’Xe +1 ’ ,
20 ’FINAL # e− ’ : 53 ,
21 ’FINAL E . C . ’ : ’ [ Kr ] 4d10 5 s2 5p5 ’ ,
22 ’METHOD’ : ’ Crossed beam method ’ ,
23 ’# OF MEASUREMENTS’ : 32 ,
24 ’RANGE OF ENERGIES ’ : [ 1 2 , 200]
25 }
26
27 ’DATA’ : {
28 ’ENERGY’ : {
29 ’ u n i t s ’ : ’eV ’ ,
30 ’ v a l u e s ’ : [ 1 . 2 0 0 0 0 0 e+01 , 1 .300000 e+01 , 1 .400000 e+01 , 1 .600000 e+01 , 1 .800000 e+01 ,
31 2 .000000 e+01 , 2 .200000 e+01 , 2 .400000 e+01 , 2 .600000 e+01 , 2 .800000 e+01 ,
32 3 .000000 e+01 , 3 .200000 e+01 , 3 .400000 e+01 , 3 .600000 e+01 , 3 .800000 e+01 ,
33 4 .000000 e+01 , 5 .000000 e+01 , 6 .000000 e+01 , 7 .000000 e+01 , 7 .500000 e+01 ,
34 9 .000000 e+01 , 1 .000000 e+02 , 1 .100000 e+02 , 1 .200000 e+02 , 1 .300000 e+02 ,
35 1 .400000 e+02 , 1 .500000 e+02 , 1 .600000 e+02 , 1 .700000 e+02 , 1 .800000 e+02 ,
36 1 .900000 e+02 , 2 .000000 e+02]
37 } ,
38 ’CROSS−SECTION ’ : {
39 ’ u n i t s ’ : ’cm^2 ’ ,
40 ’ v a l u e s ’ : [ 1 . 0 0 0 0 0 0 e−17 , 3 .100000 e−17 , 6 .300000 e−17 , 1 .350000 e−16 , 1 .930000 e−16 ,
41 2 .420000 e−16 , 2 .910000 e−16 , 3 .300000 e−16 , 3 .590000 e−16 , 3 .890000 e
−16 ,
42 4 .130000 e−16 , 4 .330000 e−16 , 4 .510000 e−16 , 4 .620000 e−16 , 4 .720000 e
−16 ,
43 4 .800000 e−16 , 4 .840000 e−16 , 4 .890000 e−16 , 4 .960000 e−16 , 4 .980000 e
−16 ,
44 4 .920000 e−16 , 4 .840000 e−16 , 4 .770000 e−16 , 4 .630000 e−16 , 4 .550000 e
−16 ,
45 4 .460000 e−16 , 4 .380000 e−16 , 4 .300000 e−16 , 4 .240000 e−16 , 4 .160000 e
−16 ,
46 4 .080000 e−16 , 4 .030000 e−16]
47 }
48 }
Fig. 4.7. Suggested .txt file for data extracted from an external database
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5. DATA HANDLING FOR THE HYBRID/PIC CODES
The database of this thesis has now adopted as solid shape and is being filled with
a complete scope of differential cross sections (σ(v)) of low level models. Throughout
this chapter it will be studied how the cross sections data are simulated in the hybrid/PIC
codes and, thus, how this data is required to be provided.
Hybrid codes obtain reasonable descriptions of a plasma behaviour by combining
classical fluid mechanic techniques for magnetized fluids and Particle In Cell (PIC) al-
gorithms. Specifically these codes apply fluid conservation equations to treat electrons
as a magnetized fluid and applies the PIC algorithms to the rest of the particles to model
them as a big ensemble towards which the electron flow is directed.
5.1. Collisions between heavy particles. PIC requirements: differential cross section
For particles modelled as solid ensembles, that is, any interaction where electrons are not
involved; hybrid codes directly use the differential cross section to estimate whether the
collision takes place or not (as explained in Chapter 1). The only required parameter to be
provided to these codes is directly the differential cross section associated to a specified
relative velocity.
Almost no data handling is necessary to provide the required differential cross section,
just an interpolation at the specified velocity and a conversion from speed to energy. The
latter, if required, is directly given by the relation
E =
mv2
2
(5.1)
where “m” is the mass of the specie involved. If a final conversion is needed for the energy
units, the Boltzmann constant is used, recalling its definition from Chapter 2:
K = 1.38 · 10−23 J
K
= 1.6 · 10−19 J
eV
(5.2)
5.2. Collision with electrons. Fluid model requirements: Collision rate coefficient
Concerning all the collisions involving electrons, two approaches must be considered.
On one side, collisions with electrons are responsible for the majority charge genera-
tion or recombination. As previously seen in Chapters 1 and 3, the direct measure of the
rate at which charge particles are generated or recombined is given by the collision rate
coefficient. This parameter is then the handled value by the hybrid codes and the required
one to be provided by the database.
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On the other side, the hybrid codes models the flow of electrons as a magnetized fluid.
As such, a specific relative velocity may be associated with the entire flow volume but the
particles inside the fluid volume have a random movement. For this reason, it is not ac-
curate to provide the collision rate coefficient directly computed from a differential cross
section associated with a give velocity. Instead, the rate coefficient should be computed
through an average over the velocity distribution function ( f (v,T ), where T is the flow
energy and v the velocity for which the probability is computed) at the given flow velocity.
This integration is defined as follows:
⟨σ(v)v⟩ =
∫
σ(v)v f (v,T )dv3∫
f (v,T )dv3
=
1
ne
∫
σ(v)v f (v,T )dv3 (5.3)
5.2.1. The velocity distribution function: the Maxwellian distribution
A widely spread distribution function f (v,T ) is the Maxwell-Boltzamann distribution,
commonly named as Maxwellian distribution. Its name makes reference to James Clerck
Maxwell, who derived a distribution function for the molecular speed of gases in 1806 ,
and Ludwig Boltzmann, who performed strong researches into the physical origin of this
distribution later in 1870 [47].
A very clear procedure to understand the physics behind this velocity distribution
function is proposed by R. J, Goldston and P. H. Rutherford [1], and it begins in a plasma
volume with uniform space distribution and in a near-equilibrium state. That is, the time
scale with which the particles in this plasma volume collide with each other is much lower
than the characteristic time scale over which the particles and energy are replaced.From
this volume, any individual specific particle “A” is a distinguishable micro-system. For
the ease of this derivation, only the particles that behave following the classical laws
are considered, so the quantum-mechanical laws are ignored. The thermal distribution
of velocities in plasma aims to define the probability PA of finding such particle in a
particular state of energy WA.
If the total thermal energy of the volume is Wtotal, and the particle “A” must have
obtained its energy state WA through collisions with other particles, the remaining thermal
"bath" of particles must have an energy state equal to “Wtotal −WA”. It is further assumed
that the amount of collisions taking place is sufficiently high for the fundamental theorem
of statistical mechanics to hold [48]. This theorems states that for an isolated system
with a determine known composition and energy, the probabilities of finding the system
in any of the possible accessible micro-states of the total system are the same. Thus, the
probability PA of a given state of the particle A is obtained by evaluating the amount of
accessible micro-states of energy Wtotal −WA = W.
If the number of all possible micro-states in the bath of total energy W is identified
as Ω, statistical mechanics states the following relation between the temperature T of any
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thermal system, the number of possible micro-states Ω and their energy W:
1
T
≡ kd ln(Ω)
dW
≡ dS
dW
(5.4)
where: k = Boltzmann constant
S = Entropy of the systems, defined as: S ≡ k lnΩ
Since the energy of the particle in the specific micro-state is smaller than the total
volume energy, WA << Wtotal, the amount of accessible micro-states may be approximated
as follows:
ln(Ω)|(Wtotal−Wr) ≈ ln(Ω)|(Wtotal) −
WA
kT
⇒ Ω|(Wtotal−Wr) ≈ Ω|(Wtotal) exp
(
−WA
kT
)
(5.5)
Notice that Ω|(Wtotal) does not depend on the micro-state energy WA, meaning that the
probability PA of the particle having energy WA must be given by the exponential term
"exp
(
−WAkT
)
", better known as the Boltzmann factor, introduced in Chapter 2.
By neglecting any possible contribution of potential energy due to the position of the
particle, the micro-state energy WA will be given by the kinetic energy of the particle,
whose velocity will be found in a range of velocities dvxdvydvz around a mean velocity
v⃗ = (vx, vy, vz). Thus, the probability PA of a particle of mass m to be found with a specific
energy is better expressed as
exp
⎛⎜⎜⎜⎜⎝−m(v2x + v2y + v2z )2kT
⎞⎟⎟⎟⎟⎠dvxdvydvz (5.6)
In addition, it is appropriate to define the phase-space density function f (x⃗, y⃗), where
x⃗ stands for the physical space and v⃗ the velocity space. In this way, this function f
describes the number of particles per unit dxdydzdvxdvydvZ. So integrating this function
over the velocity space v⃗ the density of particles per unit volume n is found:
n =
∫
f dvxdvydvz (5.7)
The Maxwell-Boltzmann, or Mawellian, distribution fM is simply the following nor-
malization of the Boltzmann factor:
fM(v) =
n
(
√
2πvt)3
exp
(
− v
2
2v2t
)
(5.8)
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In this expression the variable “vt” is the thermal velocity of the entire system, defined
as
vt ≡
√
kT
m
(5.9)
so that Equation 5.8 may be rewritten as
fM(v) = n
( m
2πkT
)3/2
exp
(
−mv
2
2kT
)
⇒ In S.I.: fM(v) = n
( m
2πT
)3/2
exp
(
−mv
2
2T
)
(5.10)
The following two sections expand the distribution just exposed for isotropic and an-
isotropic flows, which require to integrate over one, two or more directions to obtain an
average parameter.
5.2.2. Isotropic Maxwellian distribution
It is usually of interest the study of a one-dimensional velocity distribution. This one is
obtained integrating the velocity distribution function over the other two components of
the velocity. In the simple case of a velocity distribution expressed in Cartesian coordi-
nates the following results are obtained:
f (vx) =
∫ +∞
−∞
∫ +∞
−∞
f (vx, vy, vz)dvydvz (5.11)
fM(vx) = n
( m
2πT
)1/2
exp
(
−mv
2
x
2T
)
(5.12)
In addition, the usual three-dimensional distribution fM(vx, vy, vz) is isotropic, that is,
the same properties and distribution are found in all directions. This property makes
the spherical velocity coordinates (v, θ, ϕ) to be a more appropriate coordinate system to
work with. In this new coordinate system the volume element is expressed as: d3v =
v2sin(θ)dϕdθdv, where v ∈ [0,∞), θ ∈ [0, π] and ϕ ∈ [0, 2π] as presented in Figure 5.1(a)
58
(a) Spherical coordinates in the
control volume [49]
(b) Control volume shell [50]
Fig. 5.1. Isotropic control system
It is possible to integrate over the ranges of θ and ϕ since the Maxwellian distribution
fM is independent of these coordinates. As the integral results in
∫
sin(θ)dϕdθ = 4π, the
differential volume element becomes the differential volume of a thin spherical shell in the
velocity space: d3v = 4πv2dv (see Figure 5.1(b)). With this simplification, it is possible
to write the expression for a uni-directional Maxwellian distribution that provides the
density per unit of velocity magnitude of the three-dimensional velocity space ([ f ] =
m−3(m/s)−3 = s3/m6). In other words, all the volume planes parallel to the flow direction
have the same energy, which results in the following density distribution function in terms
of such energy (T). An example of its graphical representation is provided in Figure 5.2.
fM(v) = 4πn
( m
2πT
)3/2
v2x exp
(
−mv
2
x
2T
)
(5.13)
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Fig. 5.2. Example of Maxwellian density distribution function
This last equation can be expressed in terms of total energy of the plasma flow, which
is a much common data that is known when studying its performance. Neglecting again
the potential energy of the particles, it is found that the total energy is the kinetic energy
E = mv
2
2 , so that the simpler expression for the Maxwellian distribution is expressed as
below (the mathematical derivation is provided in Appendix B):
fM(E) = n
2√
π
√
E
T 3/2
exp
(
−E
T
)
(5.14)
Regard that the dependence on the mass of the system has disappeared from the equa-
tion and that the original density over the velocity space function has now become a
density over energy field. This is a tremendous advantage as Equation 5.14 becomes
a universal formulation for the isotropic velocity distribution regardless of the volume
being studied. Notice also that, due to the probability distribution function, despite its
change of meaning (which may be also regarded by comparing Figures 5.2 and 5.3), the
integral over the the velocity range provides the particle density of the volume:
∫ ∞
0
fM(v)dv = n (5.15)
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Fig. 5.3. Example of isotropic density distribution function over the energy field
5.2.3. Bi-Maxwellian distribution function
In a lot of cases, such as the hybrid codes this thesis attends, the plasma volume studied
has different velocity distributions in different directions (the flow is anisotropic). In
the particular case where the flow has two characteristic and perpendicular distribution
directions, the plane distribution function with a thermal velocity along the magnetic field
(T∥) and another one across the field (T⊥) is approximated by the so called bi-Maxwellian
distribution.
If Cartesian coordinates are used again, the z-direction might be set coincident to the
magnetic field. Then the Maxwell-Boltzmann function in its most basic formulation of
previous Equation 5.8 is better written as
fbM(v) =
n
(
√
2πvt∥)(
√
2πvt⊥)2
exp
⎛⎜⎜⎜⎜⎜⎝− v2z2v2t∥ −
v2x + v
2
y
2v2t⊥
⎞⎟⎟⎟⎟⎟⎠ (5.16)
where
vt∥ ≡
√
T∥
m
= vz vt⊥ ≡
√
T⊥
m
=
√
v2x + v2y (5.17)
being T∥ and T⊥ the thermal energies expressed in S.I. ([J]).
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(a) Cylindrical coordinates
in the control volume [51]
(b) Cylindrical control volume
shell [52]
Fig. 5.4. Anisotropic control system
In this case, it is regarded that the use of cylindrical coordinates are more convenient
for this system. A study control volume as the one depicted in Figure 5.4(a) is defined.
The differential volume is then dv3 = v⊥dv⊥dv∥dθ, where v∥ ∈ [−∞,∞), vperp ∈ [0,∞)
and θ ∈ [0, 2π]. Alike the isotropic plasma case, the velocity distribution is independent
of the θ parameter and, then, the differential volume becomes dv3 = 2πv⊥dv⊥dv∥. It is
possible to rewrite Equation 5.16 as below, being graphically exemplified in Figure 5.5
fbM(v) = n
m(3/2)√
2πT∥T⊥
v⊥ exp
⎛⎜⎜⎜⎜⎜⎝−mv2∥2T∥ − mv
2
⊥
2T⊥
⎞⎟⎟⎟⎟⎟⎠ (5.18)
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Fig. 5.5. Example of bi-Maxwellian density distribution function
Once again, the distribution expression may be translated in terms of total energy
to obtain a more useful expression independent of the mass of the volume and in terms
of the energy field. In this case the distinction is made between the parallel and the
perpendicular direction and their range of the former. The energy range must account
for the double direction that the parallel speed could adopt in the control volume, then
E∥ ∈ [0,∞) while v∥ ∈ [−∞,∞]. Figure 5.6 is the translation of the same velocity ranges
of the previous image into energy field, showing the clear change of ranges and behaviour.
As in the previous case, the procedure followed to arrive to the final expression is provided
in Appendix B.
fbM(E) = n
1√
πT∥T⊥
1√
E∥
exp
(
−E∥
T∥
− E⊥
T⊥
)
(5.19)
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Fig. 5.6. Example of bi-Maxwellian density distribution function over the energy field
Notice that, as in Equation 5.14, the integration of Equation 5.19 over the parallel
and perpendicular directions also results in the the density of the volume. Moreover,it is
essential to remember that the derivations performed to the final equation of both distri-
bution were carried out in S.I. units. However, energy ranges in researches concerning
plasma flow are usually expressed in electron-Volts. Then, special importance must be
paid to make sure that the energies introduced in Equations 5.14 and 5.19 are expressed
in Joules with the help of the Boltzmann constant previously stated in Equation 5.2.
Nevertheless, this last equation brings up an instability as the energy goes to 0. This is
clearly visible in Figure 5.6. Due to this drawback, it is sometimes preferred to keep the
dependence on the mass and used Equation 5.18. Notice that this peculiarity only affects
the an-isotropic distribution, the isotropic Maxwellian does not present any instability at
any of its expressions.
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6. DATABASE CODES
In this chapter it will be presented the written codes that work as a the nexus between
the hybrid main code and the database generated. The working principle of the use of
these codes is simple: the user of the hybrid code, or the code itself, will call one of the
following functions when a specific parameter is required and these codes directly provide
such value. No more interactions or superfluous deliveries are needed.
To provide the maximum efficiency in the connection between the hybrid code and
the database, the database codes have been written in the same coding language used in
the hybrid code, Python. This specific coding environment will then required to import
the modules and functions used in the linking codes to assure a proper performance.
After several communications with the research group handling the main hybrid code,
four specific codes were concluded to be needed, with their respective inputs and outputs,
to be explained in the following sections.
All the functions that are presented in the following sections were written inside mod-
ule called “db_codes”. For the main code to connect with the database this module must
be imported and, the, the functions inside it may be called, following the example exposed
in Appendix C. As commented, four specific functions were designed to directly interact
with the user. These are
− get_collision_info.py
− interpolate_at_velocity.py
− collision_rate_Maxwellian.py
− collision_rate_BiMaxwellian.py
,the rest of the functions were designed to interact with each other, so there is no need
to call them. Nevertheless, all the codes created for this database are publicly available in
the GitHub repository:
https://github.com/100345796/Cross-section-database-for-hybrid-PIC
-fluid-plasma-codes
6.1. Dictionary collision information: get_collision_info.py
This is the simplest of the three required functions. This function reads the information
stored in the database of a collision reaction specified by the user. Then, this function is
not desired to specifically provide data to the hybrid code but to provide the user with the
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data stored: energies, differential cross section, reference, method used to compute the
cross section ...
• Required inputs (the user must enter the inputs strictly following the standard crite-
ria exposed in Chapter 4):
– rootdir: root directory where the database is stored in the computer, USB,...
Ex: rootdir = ’C:/Users/Antonio/Desktop/DATABASE’.
– Type: type of desire reaction. It must be: Type: ’BINARY’ or ’UNARY’.
– specie1 = first specie involved in the collision. Ex: specie1 = ’e-’ or ’Xe’ or
’Xe+1’...
– specie2: secnod specie involved in the interaction.
IMPORTANT NOTE 1: the species are introduced with their sign an their
electronic state as stated by the structure criteria.Some examples are:
∗ ’e-’ for electron
∗ ’Xe’ for neutral Xe
∗ ’Xe+2’ for double ionized Xenon–> Symbol+Charge+#charges
∗ ’Xe[5s2]’ for excited Xe –> Symbol[electronic state of the last valence
e-]
IMPORTANT NOTE 2: the species do not necessarily need to be entered in
order. The code itself checks the input species and, if required it, sorts them
to commit with the database standards.
IMPORTANT NOTE 3: If the type “UNARY” is introduced, the secondary
specie should be left as empty string: specie2: ".
– process: desired reaction. Following the criteria, some inputs may be
∗ ’i1’ for one ionization of 1 e-
∗ ’elastic’ for elastic collision
∗ ’e[...]’ for excitation to the [...] electronic configuration
– file_name: name of the file that wants to be read (it must be a .txt). Example:
file_name = ’database_LXCAT.txt’
IMPORTANT NOTE 3: If the name of the .txt is unknown, leave it as empty
string (file_name = ”) and the code will automatically read the first file asso-
ciated with a database or, in the case where only one file is stored, it will read
that file. This is done calling the secondary function
_select_fileroot_filename_unknown.py
which will be introduced in section 6.4 of this chapter.
• Provided output: identified as “info” inside the function, the code returns the in-
formation stored at the specified file of the desired reaction between two given
particles. Thanks to the used YAML standard, all the information included in the
.txt files is returned in an organized Python dictionary.
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A step by step description of this function is the following:
1. The species are studied to sort the in the appropriate way to commit with the
database structure standards.
2. The directory root of the desired file is obtained.
3. The file at such root is read and translated from the YAML language to a Python
dictionary.
6.2. Differential cross section at a specific energy: interpolate_at_velocity.py
Oppositely to the previous function, this one is designed to directly interact with the
hybrid code. The aim of this function is to provide the specific differential cross section
of a determined collision between given particles at the relative energy required by the
hybrid code.
• The required inputs in this function are the same as those for the previous function,
get_collision_information.py, plus the additional term
– Velocity: relative velocity between the colliding particles. It must be intro-
duced in [m/s].
• The output is the interpolated differential cross section associated with the required
collision at the specified relative velocity. It is provided to the hybrid code in [m2].
This function will be mostly used by for collisions without electrons, as the hybrid
code makes use of the differential cross sections without any averaging for these systems.
This is relevant as the velocity introduced by the user is in [m/s] and the differential cross
section of the collision is a function of energy in [eV]. Then a translation between these
to forms must be made as
E =
1
K[J/eV]
m[Kg] · v[m/s]2
2
(6.1)
In addition, the mass term in the previous equation must be adequated to the studied
collision. In case the collision involves an electron, the term corresponds to the electron
mass because the center of the reference system is located at the bigger mass and, so, the
relative velocity is given in terms of the electron motion. However, when electrons are
not present in the collision, the mass to be accounted is that one of the specie involved.
Here, the effects of mass variation due to ionization are neglected, as the electron mass is
several orders of magnitude lower than the neutral atoms studied.
The step by step working procedure of this function is as follows:
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1. Obtain the dictionary collision information from the specified directory making use
of the previous function get_collision_info.py
2. Extract the differential cross sections from the dictionary file through the function
(which is later explained):
_get_E_and_CS_arrays_from_info.py
3. The input velocity is translated to relative energy accounting for the proper mass as
explained above, for which it reads the “specie_info.txt" files stored in the “UNARY"
section of the database.
4. The interpolation is done through a simple linear method. For reactions with thresh-
old energy, below this energy the cross section is null. For the rest of the cases a
simple linear interpolation is done.
6.3. Collision rate computation
The idea of this code is to provide the collision rate for those reactions involving electrons.
Two different codes are provided for this purpose differentiating between the isotropy of
the velocity distribution function.
6.3.1. Isotropic collision rate: collision_rate_Maxwellian.py
In this case the hybrid codes considers an isotropic Maxwellian distribution, the collision
rate coefficient is computed averaging over this function.
• The inputs if this function are similar to the previous function: The identification of
the type of collision and species involved and the file where the data is stored, like
in the first explained function, and the following parameter:
– Velocity: in this case this velocity is the relative velocity of the flow of elec-
trons with respect to the collision target particle. Oppositely to the previous
function, this time the velocity is already introduced in [eV].
• The output of this code is the value of the collision rate coefficient averaged over
the Maxwellian distribution set by the given velocity.
In this occasion, as the Maxwellian distribution is defined in S.I., the energy needs to
be translated from [eV] to [J]. This is simply done making use of the Boltzmann constant.
The step by step description of this code is provided below:
1. Obtain the dictionary collision information from the specified directory making use
of the function get_collision_info.py and both, the differential cross sections and
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the associated energies, are extracted from the dictionary file through the function
_get_E_and_CS_arrays_from_info.py
2. To increase accuracy, a set of velocities in S.I. (through the electron mass and the
Boltzmann constant) is set in the range of those whose cross sections are stored
in the database. In this case, this array is set to correspond to the parallel and
perpendicular velocities, v∥ and v⊥.
3. A 2D array of Bi-Maxwellian distribution values is obtained for the given flow
energy and the set array of velocities, making use of Equation 5.18
fM(v) = 4πn
( m
2πT
)3/2
v2x exp
(
−mv
2
x
2T
)
4. The differential cross sections at each of the terms in the velocity array set are
obtained through interpolation.
5. Finally, the collision rate coefficient is computed as explained in Chapter 5:
⟨σ(v)v⟩ =
∫
σ(v)v f (v,T )dv3∫
f (v,T )dv3
=
1
ne
∫
σ(v)v f (v,T )dv3
Notice that, ideally, the density term “ne" corresponding to the integration of the
Maxwellian distribution function is equal to the unity. However, this is is not true
for the studied case as it is not being integrated over the entire velocity field (v ∈
[0,∞). Thus, the values compute for such term are lower, which would lead to a
disagreement with the ideal final results. Nevertheless, as both the numerator and
denominator of the above equation are integrals over a specific range of the velocity
field, the obtained values for ne < 1 compensate for the regions not included in the
averaging and the analysis becomes conservative.
6.3.2. Anisotropic collision rate: collision_rate_BiMaxwellian.py
Alternatively, if the hybrid code simulates an an-isotropic flow with different parallel and
perpendicular velocities, the Bi-Maxwellian distribution function must be used.
• In this case, the inputs include all the mentioned file and collision information plus
the following parameters:
– Velocity_parallel: velocity is the relative velocity of the flow of electrons with
respect to the collision target particle in the parallel direction to the approach-
ing motion.This velocity must be introduced in [eV].
– Velocity_perpendicular: velocity is the relative velocity of the flow of elec-
trons with respect to the collision target particle in the perpendicular direction
to the approaching motion.This velocity must be also introduced in [eV].
69
• The output of this code is the value of the collision rate coefficient averaged over
the two directions of the Bi-Maxwellian distribution set by the given velocities.
The step by step procedure of this function is similar to the previous one, expressing
as well all the energies in Joules to be implemented in the different equations:
1. Obtain the dictionary collision information from the specified directory making use
of the function get_collision_info.py and both, the differential cross sections and
the associated energies, are extracted from the dictionary file through the function
_get_E_and_CS_arrays_from_info.py
2. A set of velocities in S.I. (through the electron mass and the Boltzmann constant)
is set in the range of those whose cross sections are stored in the database. This is
done to decrease the measurement intervals and gain accuracy.
3. The Maxwellian distribution value is obtained for the given flow energy and the set
array of velocities previously set in Equation 5.13
fbM(v) = n
m(3/2)√
2πT∥T⊥
v⊥ exp
⎛⎜⎜⎜⎜⎜⎝−mv2∥2T∥ − mv
2
⊥
2T⊥
⎞⎟⎟⎟⎟⎟⎠
4. The differential cross sections at each of the “cells" of the 2D matrix is obtained
through interpolation with the database data, accountign for the fact that the velocity
in each “cell" is defined as
V =
√
v2∥ + v
2⊥. (6.2)
5. Finally, the collision rate coefficient is computed as explained in Chapter 5:
⟨σ(v)v⟩ =
∫
σ(V)V f (v∥, v⊥,T∥,T⊥)dv3∫
f (v∥, v⊥,T∥,T⊥)dv3
=
1
ne
∫
σ(V)V f (v∥, v⊥,T∥,T⊥)dv3
Again, the values that the parameter ne acquires in this process are lower than 1.
But, in the same way as before, compensate for the regions not included in the
averaging and the analysis becomes again conservative.
6.4. Secondary functions
To keep the main codes clean a readable, secondary functions with a specific objec-
tives were implemented. Inside each code, specific tasks are performed by the follow-
ing functions and even by the already mentioned ones. For example, the first function
get_collision_info.py is called during the execution of the other functions.
As these functions do not interact with the user, their inputs and outputs will not be
deeply explained as they are already linked with the inner structure of the main database
codes.
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6.4.1. _get_directory_structure
This function takes as input the directory root where the database is stored and scans all
the folders and files inside that root.
It provides two different outputs:
− A Python dictionary structure with all the folders and files found in the provided
directory.
− A tree-like scheme of the previous dictionary to obtain a quick sight of what is
included in the database. This figure would be quite similar to the structure repre-
sented in Figure 4.6 of Chapter 4
6.4.2. _select_fileroot_filename_unknown.py
The objective of this function is to provide the directory root of a .txt file when the user
does not know which files are stored in the database for the desired collision process.
With the given indicators of the collision reaction and the species involved, this func-
tion goes into the specific folder where the file should be and does one of the following:
− If folder only contain one data file, the function will output the root of such file,
independently of the source of the data contained in it.
− If the folder contains more than one file, the function will output the first file corre-
sponding to a database source.
This process is done for both, binary and unitary reactions.
6.4.3. _get_E_and_CS_arrays_from_info.py
This function extracts from the previously obtained dictionary of collision data an array
of cross section, in [m2] and associated energies, in [eV].
For that end, this function reads the .txt file and considers the type of source:
− If the data stored was obtained from an external database, where the values are
already given in arrays, this function just returns as output those arrays in the men-
tioned units.
− If the data stored is composed of constants needed to implement a cross section
model, such as Drawin model from Chapter 3, the function will identified which
model it is and, if such model is already stored in the code lines, it will be able
to provide as output an array of energies and computed cross sections in [eV] and
[m2].
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7. RESULTS
This chapter will present all the results achieved throughout the project: Starting from
the final state of the database and codes in section 7.1, results arriving from differential
cross sections introduced in the database and with potential to be modeled by hybrid codes
in part 7.2, and finally, results form collision rate coefficients 7.3.
7.1. Database and Codes Performance
The database was first filled with cross sections of the current most spread propellant,
Xenon. The data introduced for this element includes electron impact elastic collisions,
single ionization and excitation collision from its neutral state; and ionization reactions of
pre-ionized and pre-excited atoms. Between heavy particle, data contains the differential
cross-sections corresponding to charge transfer interactions between neutral Xenon and
ionized Xenon (Xe+1 and Xe+2).
The process of filling the database was complemented with simultaneous analysis
of the cross-sections introduced. The results of these analysis, exposed in next section,
provided a guide of the appropriate collisions to be next implemented into the database.
After the first results of relevant processes with Xenon, collision involving Argon and
Krypton were introduced focusing on the reliable interactions found for Xenon. Collision
cross sections regarding Argon and Krypton by electron impact include single and double
ionization reactions of the neutral state, and single ionization of the single pre-ionized
atoms; as well as pure elastic interactions. Concerning collisions with heavy particles, the
cross sections for collisions between their neutral and ionized states were implemented.
Additionally, the charge transfer collision between both species, “Ar+1 + Kr→ Ar +Kr+1",
was also stored in the database.
Last cross sections introduced in the database belong to non conventional species that
are being suggested to be tested. These include CO2, N2 Ne and O2. Specifically, the
data stored for these species is focused on their direct ionization and elastic collisions by
electron impact.
In the “UNARY” section of the database, only the information concerning the steady
characteristics of the implemented species where introduced. Due to the low electron
mass, every ionized state of any specie is considered to have the same mass and proper-
ties than the neutral specie. On the other hand, values related to unary reactions relevant
for hybrid/PIC codes required further researches to provide definitions of what are really
inherent properties of the specie and not consequence of previous interactions. For ex-
ample, de-excitation reactions in plasma occurring in processes such as autoionization,
it must be clarify whether this rate is inherent to the plasma particle or results from the
previous collision with an electron.
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All together, the final layout of the database is provided below in Figure 7.1.
Fig. 7.1. Database with the filled collision cross-sections and data
Concerning the written codes to complement the database, they have shown an excel-
lent performance in retrieving the desired parameters from the database accounting for
all the different requirements set in the previous chapters. To assure this performance,
the results provided by these codes were checked with other environment: MatLab (this
program was also used to perform the graphical representations provided throughout the
entire document due to the handling advantages that it provides). In addition, it is noticed
that the time required by these codes to achieve the results is quite low. However, it is
noticed that, due to the working procedure of Python, in which the various functions used
are stored in modules; the first use of the codes presents a tiny delay as all the modules
and functions have to be called. Nevertheless, once all the modules have been imported,
results are instantaneously provided.
All the database and complementary codes are published in the following GitHub
repository:
https://github.com/100345796/Cross-section-database-for-hybrid-PIC
-fluid-plasma-codes
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7.2. Comparison between differential collision cross-sections
As explained, only the most influencing collision processes should be considered to be
simulated with the purpose of reducing computational costs. The first comparison that
directly provides an idea of the most relevant interactions is by means of the order of
magnitude of the associated differential cross sections.
An optimum specie to start this analysis with is the current most used propellant in
electric propulsion systems: Xenon. But before comparing several collision processes for
any specie, it is advisable to estimate which data stored in the same space of the database
are more reliable. If several cross section values were stored in the database arriving from
external databases and mathematical models, a prior scrutiny should be made to conclude
which data are more reliable for further applications. Figure 7.2 provides a comparison
of several cross sections of electron impact ionization for Xe. These values were directly
extracted from external databases or were computed from some of the models presented
in Chapter 3.
Fig. 7.2. Differential cross-section from different sources for the first ionization of Xe by electron
impact
As regarded, apart from Thomson approach, the different models provide values in
the same order of magnitude and converge in a clear estimation of the cross section.
Gryzinski model approaches the most to the values provided by the two databases. Con-
cerning Thomson model, despite showing values of the same order of magnitude than
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his partners, the limitation ranges established for this model in Equation 3.9 invalidate
the results everywhere but in a small region around 50 [eV]. Notice, however, the close
values marked by this range functions and the actual measures provided by the database.
It is proved, then, that Thomson values laying inside the specified range are, as explained
in the model, accurate enough. Database values, on the other hand, nearly coincide. In
this specific case, the data retrieved from the NIFS database was originally obtained ex-
perimentally through a crossed-beam-method (introduced in Chapter 3), while the values
provided by the LXCat database where originally computed using the Magboltz program,
also introduced in the same chapter. The agreement of their values provides double sup-
port, to the validity of the Magboltz program and to the validity of the values itself. It is
then proved that databases provide well supported data that should be used if there is no
conviction about the validity of a given model.
This convergence in all the models is not so present when studying Argon ionization,
which was analyzed taking advantage of the fact the Drawing constants for this specie
were also known. However, as depicted in Figure 7.3 the different values still provide an
estimation of order of magnitude of the collision cross section and validate each other.
Fig. 7.3. Differential cross-section from different sources for the first ionization of Ar by electron
impact
Concerning now the different types of interactions, Figure 7.4 depicts the cross sec-
tions associated with several collisions involving Xe atoms. As represented, the cross
sections corresponding to electron impact excitation reactions present an order of magni-
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tude (∼ [O(10−22), O(10−23)]m2) around four times lower than charge transfer processes
(∼ [O(10−18), O(10−19)] m2) and two times lower than ionization collisions (∼ [O(10−20),
O(10−21)] m2). On the other side, elastic collisions present moderate cross section values
throughout the entire scope of energies (∼ [O(10−19),O(10−20)]). Then, reactions such as
charge exchange have more relevant values (meaning more influence on the evolution of
a plasma volume) than others, such as excitation by electron impact, which are almost
negligible.
Fig. 7.4. Cross-sections for collisions involving Xe atoms [22] [23]
It is interesting to point out that the ionization reactions of neutral Xe become more
relevant than elastic interactions few energies after their threshold. Similar behaviour
presents the ionization of pre-ionized Xe+, which concurs with the elastic collision cross
sections. Moreover, the second ionization collisions for neutral Xe appear to be always
less relevant than elastic interactions. However, all these observations, while conclusive
with the provided image, should not be considered for a further selection for collisions.
As repeatedly mentioned throughout the thesis, a distinction must be made between colli-
sions with and without electrons. For those with electrons, a better approach to determine
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influencing collisions is done through the results arriving from their collision rate coeffi-
cients, being computed in the following section of this chapter.
Nevertheless, before skipping to the rate coefficient results, the amount of collisions
stored in the database allow to perform as well a preliminary study of other two species
with potential applications in electric propulsion: Argon and Krypton. Figures 7.5 and
7.6 provide the results for several reactions with such species.
Fig. 7.5. Cross sections for collisions involving Ar atoms
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Fig. 7.6. Cross sections for collisions involving Kr atoms
Comparing these results with the Xe ones, it is observable that Argon and Krypton
exhibit ionization collision cross sections of the same order and behaviour than those for
Xenon. In relation with elastic collisions, Xenon atoms present slightly higher values than
Argon and Krypton. Similarly, Xenon shows slightly higher values for charge transfer
cross sections, although the three species display these processes in the same order of
magnitude (O(10−19)m2).
The preliminary study in terms of the differential cross sections has then exposed the
high resemblance between the most widely used propellant in electric propulsion systems,
Xe, and Ar and Kr, highlighting the high values of charge exchange, elastic and ionization
processes.
7.3. Comparison between collision rate coefficients
The results obtained for the collision rate coefficients of collisions involving electrons
are provided in the figures below. These rate coefficients have being computed through
the procedures described in the theory provided in Chapter 5 and the codes of Chapter
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6. Initially, due to the ease of computation and representation, isotropic systems have
been considered, making use of the Maxwellian distribution function for a scope of flow
energies between 1 and 103 eV.
Fig. 7.7. Collision rate coefficient for several collision processes involving Xe atoms
Fig. 7.8. Collision rate coefficient for several collision processes involving Ar atoms
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Fig. 7.9. Collision rate coefficient for several collision processes involving Kr atoms
In the same way as the figures from previous section, Figures 7.7 to 7.9 picture a high
resemblance between the characteristics of Xenon, Argon and Krypton species. Concern-
ing the ionization collisions, all of these elements exhibit higher collision rates for the
ionization of the neutral state atoms, followed by the ionization of the pre-ionized atom,
and double ionization present the lower rate coefficients. The rate coefficients for the
elastic collisions are showed to exceed the previous values at energies up to [40, 60] eV.
Over this electron flow energy, all the collisions of all the species tested tend to a constant
rate: ionization reactions “0→1" and “1→2" acquire rates very close to 10−13m3/s, ion-
ization processes “0→2" adopt values around 10−14m3/s, and elastic collision rates concur
with those of the ionization of the pre-ionized atom, as forecast by the differential cross
sections in previous section.
However, small differences are noticed when examining the cases with more detail.
Xenon collision rates show slightly greater values than Argon and Krypton tests, being
followed by Krypton interactions and, with the lowest rates, Argon. Although these nu-
ances are not so perceptible at high energies, they are clearly observable at low values.
Indeed, these are the regions relevant for the purpose of this thesis, as the plasma being
simulated by the hybrid codes is usually a cold plasma below 30 eV. The greatest di-
vergences between the values of the same collision process for different species are then
found at the lowest energy. To make them clearly visible for the studied atoms, Table 7.1
collects the obtaiend collision rates at 1 eV.
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Table 7.1. COMPARISON BETWEEN THE COLLISION RATE
COEFFICIENTS FOR REACTIONS INVOLVING AR, KR, AND XE,
WITH AN ISOTROPIC ELECTRON FLOW AT 1 EV
(COMPUTATIONS PERFORMED WITH THE DATABASE CODES)
Specie Elastic Ionization of Ionization of Double ionization UNITS
collision neutral atoms pre-ionized atoms of neutral atoms
Ar ∼ 2.2 · 10−14 ∼ 2.1 · 10−21 ∼ 2.9 · 10−26 ∼ 2.7 · 10−35 [m3/s]
Kr ∼ 3.1 · 10−14 ∼ 2.2 · 10−20 ∼ 9.5 · 10−23 ∼ 1.4 · 10−31 [m3/s]
Xe ∼ 6.1 · 10−14 ∼ 2.1 · 10−19 ∼ 2.8 · 10−23 ∼ 9.5 · 10−30 [m3/s]
Xenon collisions present, in general, the highest collision rates. An exception is iden-
tified at the ionization of the pre-ionized atom between Xenon and Krypton, although
Xenon rate soon overpasses the Krypton rate as the energy increases. Additionally, it is
also appreciable the steps in order of magnitude from one reaction to the successive one.
Due to the outstanding order of the values of the elastic and ionization of neutral col-
lision rates, a comparison was performed between these species more present in electric
propulsion systems and those non-conventional species that are being proposed for fur-
ther studies (whose cross sections are implemented in the database). Figures 7.10 and
7.11 provide these results. It is possible to appreciate that elastic rates generally share
the same order of magnitude along the entire energy scope (O(10−14)). Moreover, it is
observed that, although some non-conventional propellants may provide higher rates at
very low energies, they soon become surpassed by those of Xenon, Argon and Krypton.
Nevertheless, except for N2, the remaining rates for CO2, Ne and O2 do not lay far way
from those of previously studied species. Concerning the rates for ionization, differences
are more visible in the range of energies relevant for this research. While Xenon still
provides the highest collision rates, the majority of non-conventional species present col-
lision rates between those characteristic of Krypton and Argon. On the other side, it is
noticeable the low values provided by the noble gas Ne, of several orders of magnitude
below the common ones for the entire energy scope.
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Fig. 7.10. Comparison of the elastic collision rates for conventional and non-conventional propel-
lants modelled over a Maxwellian distribution.
Fig. 7.11. Comparison of the ionization collision rates of neutrals for conventional and non-
conventional propellants modelled over a Maxwellian distribution.
When considering an an-isotropic system, the procedure changes to evaluate the col-
lision rate coefficient combining the parallel and perpendicular flow energies. However,
the sort of rate coefficients is expected to coincide with that one predicted by the isotropic
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flow. The collisions with highest collision rates are the elastic and ionization of neu-
trals, thus being indispensable their simulation in the hybrid codes. This is proved by the
collision rate surfaces provided in Figures 7.12,7.13 and 7.14.
Figure 7.12 provides the three-dimensional expansion of the rate coefficients for the
different reactions considered with Xe. It is observable how the ionization collisions hold,
in the two dimensions, the behaviour anticipated by the isotropic system. Even though
the elastic collision rate keeps falling under the rate of ionization of neutrals at large flow
energies, at values below 30 eV is a predominant collision together with the mentioned
ionization interaction. being relevant for the plasma simulation. Notice as well, the strong
influence of the perpendicular flow velocity in the equation of the Bi-Maxwellian distri-
bution (Equation 5.18): the rate of change of the collision rate coefficient is greater in
the perpendicular direction. In addition, the plane at 45◦, where both directional energies
coincide, corresponds to the isotropic case previously analyzed.
Fig. 7.12. An-isotropic collision rate coefficient surface for collisions involving Xe
The most relevant collision processes are then compared to their respective reactions
with Argon and Krypton. Figure 7.13 depicts the elastic collision rate coefficient for
the three species and Figure 7.14 the corresponding rate for the ionization of the three
neutrals. It is visible that in the region of interest (<30eV), Krypton collision rates lay in
both cases below Xenon rate coefficients and above Argon ones, in agreement with the
83
isotropic system results.
Fig. 7.13. Comparison of the an-isotropic collision rate coefficient surface for elastic collision of
electron with Xe, Ar and Kr neutral atoms
Fig. 7.14. Comparison of the an-isotropic collision rate coefficient surface for direct electron im-
pact ionization of Xe, Ar and Kr neutral atoms
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A final note that must be accounted together with the previous collision rates is the
consideration of the Stepwise Ionization process. As explained in Chapter 3, if the plasma
is characterized by a high density of electrons and excited neutrals, the rate coefficient of
stepwise collision may be approximated with the formula expressed in Equation 3.17:
ksi (Te)
ki(Te)
≈
(
I
Te
) 7
2
where ksi (Te) and ki(Te) are the rate coefficient functions of the stepwise and direct
ionization by electron impact respectively, I is the ionization threshold energy of the neu-
tral specie, and Te the velocity (expressed as energy) of the electrons flow. Regarding the
high collision rates found for the direct ionization by electron impact of the neutral Xe, Ar
and Kr atoms, stepwise ionization collision rate coefficients widely overpass the previous
ones for flow energies below the ionization threshold of the specie. Results at 1 eV are
provided in Table 7.2 to expose this effect:
Table 7.2. COMPARISON BETWEEN THE COLLISION RATE
COEFFICIENTS FOR DIRECT IONIZATION AND STEPWISE
IONIZATION OF NEUTRAL AR, KR, AND XE, AT 1 EV
Specie I [eV] ki(1[eV]) ksi (1[eV])
Ar ∼ 15.7592 ∼ 2.1 · 10−21 ∼ 3.26 · 10−17
Kr ∼ 13.9996 ∼ 2.2 · 10−20 ∼ 2.26 · 10−16
Xe ∼ 12.1298 ∼ 2.1 · 10−19 ∼ 1.31 · 10−15
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8. CONCLUSIONS
Throughout chapters 2 and 3 the various collision processes were organized and pre-
sented. In addition, a brief criteria for their relevance in the simulation of plasma for
electric propulsion systems was provided. As explained, there are numerous possible
interaction just in the group of binary collision. In an ideal scenario where computa-
tional costs were nonexistent, all of the collision processes could be taken into account.
However, in reality, computational costs are one of the main concerns and restrictions of
simulations. Thus, it is essential to select from all the scope only those reactions that
influence the most, and store their relevant parameters in such a way that can be retrieved
and used without increasing time and computational costs.
Concerning the storage purpose of this thesis, the selection of the database organiza-
tion and structure, as well as the storage file standard YAML, have proved to provide a
fluid and efficient connection between the user and the data. With the easiness with which
the cross sections and data are introduced into the database, and the ability to be read not
only by different programming languages but also by humans without coding knowledge;
the generated database is a simple and efficient tool to directly provide the hybrid codes,
or any study concerning cold plasma simulations, the required differential cross section
or collision rates coefficients. Additionally, it shows a potential to be expanded by future
collaborators, growing a becoming more complete. For such purpose, it has been made
available at the the following GitHub repository:
https://github.com/100345796/Cross-section-database-for-hybrid-PIC
-fluid-plasma-codes
Connected to this database, the complementary codes that provide a link between the
hybrid codes and the database show a good performance. The time these codes spend
to retrieve the requested information is negligible once the required Python modules are
already called. Only if new parameters introduced in the database require additional tasks
not implemented in the codes, these will need to be modify to include them. This codes
have already been uploaded to the mentioned repository to keep being used, being ex-
panded and improved by future users.
In relation with the preliminary analysis of the different collision cross-sections stored
in the database, the first conclusions arrive from the comparison of the different sources.
It has been proved the agreement in collision cross sections for first ionization between
the different models and external databases. The latter, specifically, provide validity to the
Magboltz program and, together with the models, to the own values. It is then concluded
the accuracy of models designed for specific collisions, such as Drawin model, and that
databases provide well supported data that should be used if there is no conviction about
the validity of a given model.
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The successive results introducing differential cross-sections of several collision re-
actions have demonstrated the importance of charge transfer, elastic and ionization colli-
sions as well as the high resemblance between the most widely used propellant in electric
propulsion systems, Xe, Ar and Kr, reason why these last species are actively, and will
continue, being studied, tested and used as propellants.
Hybrid codes, however, required the step forward of analyzing the collision rate co-
efficients for electron flow interactions. Higher collision rates mean faster processes (i.e.
the collisions last less time) and, thus, more collisions are possible. They provide an esti-
mation of the time that a certain specie can survive in the systems and the resulting rate of
generation of charged particles. It is then deducted that for plasma systems, essential pro-
cesses to account are ionization collisions, as they dictate the rate at which new charged
particles will appear in the studied volume.
Results arriving from the previous results of collision rates coefficients of the different
species, apart from their agreement with those rising from the collision cross-sections,
also locate the spotlight over elastic collisions and ionization of already charged atoms.
The characteristic high values of the latter, greater than those of double ionization of neu-
trals, indicate the importance of tracking the pre-existing and generated charged particles
in the volume to obtain the most accurate and realistic results.
Nevertheless, the still faster rates of elastic collisions and ionization reactions of neu-
tral atoms, compared to those of ionization of pre-ionized atoms and double ionization of
neutral reactions, indicate that, not only are faster, but also more frequent in the plasma,
So, their degree of influence over the plasma properties is much higher, what, nonetheless,
does not exclude the necessity of considering the rest of interactions. The similar values
for these collision processes provided by alternative propellants such as CO2, O2 and N2
suggest that potential benefits may arrive from their use and, thus, is advisable to further
test them.
Further conclusion are deducted as a consequence of the high collision rates found
for the direct ionization by electron impact of the neutral Xe, Ar and Kr atoms. Stepwise
ionization interactions, which many times are not even mentioned in the simulations, have
shown to be of potential influence due to their large rate coefficients when conditions of
high electron and excited neutral densities are reached (recall that their collision rates
in such conditions are easily related with the rates of the mentioned direct ionization).
If such plasma characteristics are achieved, stepwise ionization overpasses the rate of
generation of charged particles of other sources and its simulation is highly required.
Moving to collisions between heavy particles, charge exchange collisions are matter
of study and consideration. While they do not vary the number of charged particles in
the plasma, the high cross-section values resulting in the previous studies indicate that
are a potential source of changes and increases in particles momentum, which may lead
to macroscopic potential hazard flows, such as the already observed back-flow in near-
plume regions. With the highest differential cross sections from the tested species, charge
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transfer processes dominate over the collisions between heavy particles and must not be
neglected in the simulations.
As a final remark, the performed study has not involved the consideration of molecules
or mixing propellants. Then, the recombination processes that could be relevant in cold,
few ionized plasma (such as dissociative or ion-ion recombination) are potential interac-
tions that should be introduced in further researches that aim to estimate the performance
with these species.
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9. SOCIOECONOMIC ENVIRONMENT
9.1. Budget of the performed study
The analysis referring to the budget spent in the elaboration of this thesis can be divided
into costs with direct impact to the author, and costs which were assumed by third parties.
9.1.1. Costs assumed by the author
• Computer: The most obvious tool required for the entire purpose of the thesis. The
average cost of mid-level-power computer able to support programming languages
like python or MatLab without any type of memory problem or delay is around
600e.
• Writing tool: LaTex account: The LaTex account used to write the thesis has been
the free version, so no costs have been involved in this aspect. Cost: 0e
• .txt file editor program: NotePad++: As commented, the database required a
.txt file editor in order to generate the cross-section files in the appropriate stan-
dard. The used programm for such purpose has been NotePad++, which is freely
downloadable from internetet. Cost: 0e
• Python program: To coincide with the current research on hybrid codes for which
this thesis is performed, the codes provided to connect the hybrid programs with the
database were written in the same environment as the hybrid code, Python. Again,
Python is a free commercial environment that does not need a previous investment
to be downloaded and used. Cost: 0 e.
The total budget spent by the author itself in utilities used in the elaboration of the project
equals then solely the cost of the computer: 600 e
9.1.2. Costs assumed by third parties
• Books: This thesis has been characterized by a lot of literature reading. Although
all the papers used for the elaboration of this project could be found in internet,
three books with essential information were obtained from the University Library.
Then, the University assumed the cost of buying these books to make the available
for students use. The books where:
– Introduction to plasma physics [1]: In the current case, the soft cover version
was used. Its cost in a widely spread internet store platform is approximately
67 e
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– Plasma physics and Engineering [2]: The used version available in the Uni-
versity library is the hard cover book, with an approximate cost in a common
online store platform of 140 e.
– Learning Python [53]: This book was used to learn all the basics about pro-
gramming in Python environment. Its price in a common online store platform
is around 50 e
• MatLab: As commented, MatLab has been used to obtain a double check of the
results obtained with Python. It was also useful for the generation of the data graphs
presented in the report due to the available features that this program provides to
customize images. The cost of the license to use this program was assumed by
the University, which provided a student licence to the author. The annual cost of
student licence for Academic purposes such as the one used is around 250 e
• Internet connection: The research project could have not been performed without
internet connection during the entire period of work. Internet has been an essential
tool to consult and gather information, not only about the theoretical part of the
project, but also in the retrieval of cross-sections from external databases. The av-
erage budget spent in internet during 2018, which will be assumed to be maintained
constant through p to June 2019, is 53 e/month [54]. So, during the approximated
10 months during which this research took place, the internet costs have been ap-
proximately 530e.
Then, the budget spent by third parties is approximately 1037 e., which results in a total
budget spent on the project of 1637 e.
9.2. Socioeconomic impact
As exposed throughout the project, future researches must be carried to encompass as
much collisions as possible and test new species and propellants. Then, on a short-term
basis, no effects are expected from this study from a socioeconomic standpoint.
Nevertheless, the database generated in this thesis aims to contribute to the search of
new propellant to substitute Xenon in the electric propulsion field. Current concerns with
this propellant include its elevated costs of extraction and storage. The idea of a database
providing vital information of a wide scope of species to be tested as new propellants
could, in a long-term basis be translated in several economic savings. Two examples may
be the ability of simulating new propellants with already available information, which
will avoid the necessity of performing new measurements to obtain the required cross-
sections; and the savings derived from the use of substitute propellants to Xenon.
In addition, an indirect impact that this work may contribute in is the environmental
concern of future in-Earth propulsion. An example of this impact are the eroded mate-
rials from the structure due to plasma particle-wall collisions, which are released to the
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neighbour area of the plume. A good understanding of the collision scenarios can allow
the development of new material resistant to plasma wear, or even inert to react with such
particles.
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APPENDIX A: DATABASE .txt FILES
FILE TEMPLATE
1 ’TYPE ’ : ’ Model−Drawin ’
2
3 ’RETRIEVAL DATE’ : ’ 2 5 /0 3 /2 0 1 9 ’ # ( d /m/ y )
4
5 ’ORIGINAL REFERENCE ’ : ’ R ob e r t S a n t o s G u t i e r r e z
6 June , 2012
7 CODIGO HIBRIDO AVANZADO DE MOTORES DE PLASMA DE EFECTO HALL
8 page 45 /46
9 ’
10 ’COMMENTS’ : {
11 ’PROCESS ’ : ’ I o n i z a t i o n e− + Xe −−> 2e− + Xe+ ’ ,
12 ’SPECIES ’ : ’ e /Xe ’ ,
13 ’ INITIAL STATE ’ : ’Xe +0 ’ ,
14 ’ INITIAL # e − ’ : 54 ,
15 ’ INITIAL E . C . ’ : ’ [ Kr ] 4d10 5 s2 5p6 ’ ,
16 ’FINAL STATE ’ : ’Xe +1 ’ ,
17 ’FINAL # e− ’ : 53 ,
18 ’FINAL E . C . ’ : ’ [ Kr ] 4d10 5 s2 5p5 ’ ,
19 ’METHOD’ : ’ Drawin Model f o r f i r s t i o n i z a t i o n ’ ,
20 ’DESCRIPTION OF DATA’ : ’ The d a t a p r o v i d e d a r e t h e v a l u e s o f t h e c o n s t a n t s needed
21 f o r t h e i m p l e m e n t a t i o n o f Drawin model f o r t h e c o m p u t a t i o n c o l l i s i o n c r o s s − s e c t i o n s ( Beta_1 and Beta_2 ) .
22 These v a l u e s have been o b t a i n e d e x p e r i m e n t a l l y .
23
24 Drawin Model f o r f i r s t i o n i z a t i o n :
25
26 sigma = 2 . 6 6∗ p i ∗ a_0 ^2∗Beta_1 ∗ ( e p s i l o n _ i _ H / e p s i l o n _ i ) ^2∗Xi∗g ( u )
27 where g ( u ) = ( u−1) / u ^2∗ l n ( 1 . 2 5 ∗ Beta_2 ∗u )
28
29 In t h i s model : a_0 = Bohr r a d i u s o f Hydrogen atom = 5 .292 e−11 m
30 e p s i l o n _ i _ H = i o n i z a t i o n en e rg y of Hydrogen = 1 3 . 6 eV
31 e p s i l o n _ i = i o n i z a t i o n en e rg y of t h e sample o f i n t e r e s t
32 Xi = Number o f e q u i v a l e n t e l e c t r o n s i n t h e e x t e r n a l l a y e r o f t h e sample o f
i n t e r e s t
33 u = d i m e n s i o n l e s s e ne r gy of t h e e l e c t r o n = [ e ne rg y r a n g e of i n t e r e s t ] /
e p s i l o n _ i
34 ’
35 }
36
37 ’DATA’ : {
38 ’ a_0 ’ : {
39 ’ u n i t s ’ : ’m’ ,
40 ’ v a l u e s ’ : 5 . 292 e−11
41 } ,
42 ’ e p s i l o n _ i _ H ’ : {
43 ’ u n i t s ’ : ’eV ’ ,
44 ’ v a l u e s ’ : 1 3 . 6
45 } ,
46 ’ e p s i l o n _ i ’ : {
47 ’ u n i t s ’ : ’eV ’ ,
48 ’ v a l u e s ’ : 12 .1298
49 } ,
50 ’ Xi ’ : {
51 ’ u n i t s ’ : ’ d i m e n s i o n l e s s ’ ,
52 ’ v a l u e s ’ : 8
53 } ,
54 ’ Beta_1 ’ : {
55 ’ u n i t s ’ : ’ d i m e n s i o n l e s s ’ ,
56 ’ v a l u e s ’ : 1 . 0
57 } ,
58 ’ Beta_2 ’ : {
59 ’ u n i t s ’ : ’ d i m e n s i o n l e s s ’ ,
60 ’ v a l u e s ’ : 0 . 8
61 } ,
62 ’ F ina l_E ’ : {
63 ’ u n i t s ’ : ’eV ’ ,
64 ’ v a l u e s ’ : 200
65 }
66 }
Fig. A. Suggested .txt file for data extracted from Drawin model
APPENDIX B: MAXWELLIAN DISTRIBUTION HANDLING
Mathematical derivation of the Maxwellian distribution in terms of energies
To obtain an expression for the Maxwellian distribution in terms of energies, it will be
applied the definition of the volume density. For the isotropic volume the density may be
expressed by
n =
∫ ∞
0
fM(v)dv (I.1)
as well as by
n =
∫ ∞
0
fM(E)dE. (I.2)
Then it is clear that the following condition must be consistent:
∫ ∞
0
fM(E)dE =
∫ ∞
0
fM(v)dv. (I.3)
From which it can be deducted that
fM(E) = fM(v)
dv
dE
. (I.4)
Substituting by their corresponding expressions:
fM(v) = 4πn
( m
2πT
)3/2
v2 exp
(
−mv
2
2T
)
(I.5)
v =
√
2E
m
−→ dv
dE
=
1
2
√
2
mE
(I.6)
The final expression in terms of the isotropic flow energy is achieved:
fM(E) = n
2√
π
√
E
T 3/2
exp
(
−E
T
)
(I.7)
Mathematical derivation of the bi-Maxwellian distribution in terms of energies
As in the isotropic distribution, the plasma density results from the integration over the
velocity space of the density distribution, regardless of the dependent variable. The:
n =
∫ ∞
−∞
∫ ∞
0
fbM(v∥, v⊥)dv⊥dv∥ (I.8)
and
n =
∫ ∞
0
∫ ∞
0
fbM(E∥, E⊥)dE∥dE⊥ (I.9)
Moreover, due to the symmetry of the cylindrical control volume, it can be said that
∫ ∞
−∞
∫ ∞
0
fbM(v∥, v⊥)dv⊥dv∥ = 2
∫ ∞
0
∫ ∞
0
fbM(v∥, v⊥)dv⊥dv∥ (I.10)
Then:
∫ ∞
0
∫ ∞
0
fbM(E∥, E⊥)dE∥dE⊥ = 2
∫ ∞
0
∫ ∞
0
fbM(v∥, v⊥)dv⊥dv∥ (I.11)
leading to
fbM(E∥, E⊥) = 2 fbM(v∥, v⊥)
dv∥
dE∥
dv⊥
dE⊥
(I.12)
After substitution with the terms
fbM = n
m(3/2)√
2πT∥T⊥
v⊥ exp
⎛⎜⎜⎜⎜⎜⎝−mv2∥2T∥ − mv
2
⊥
2T⊥
⎞⎟⎟⎟⎟⎟⎠ (I.13)
v∥ =
√
2E∥
m
−→ dv∥
dE∥
=
1
2
√
2
mE∥
(I.14)
v⊥ =
√
2E⊥
m
−→ dv⊥
dE⊥
=
1
2
√
2
mE⊥
(I.15)
(I.16)
the final expression is obtained:
fbM(E) = n
1√
πT∥T⊥
1√
E∥
exp
(
−E∥
T∥
− E⊥
T⊥
)
(I.17)
APPENDIX C: DATABASE CODES CALLING EXAMPLE
FILE TEMPLATE
1 """
2 CODE DESCRIPTION:
3
4 This code exemplifies how the database would be called to
compute the collision
5 rate for a specific reaction at a given temperature
6
7 INPUTS REQUIRED:
8
9 -Database_root: the root directory where the database is stored
(in the
10 desktop, in a specific folder, in a USB...)
11 -Type: type of the desired interaction. With the current state
of the database
12 this field must be one of: ’BINARY’ or ’UNARY’
13 -specie1: first of the species involved in the interaction
14 -specie2: second specie involved in the interaction
15
16 NOTE_1: the species are introduced with their sign an their
electronic state.
17 Some examples are: ’e-’ for electron
18 ’Xe’ for neutral Xe
19 ’Xe+2’ for doble ionized Xenon-->
Symbol+Charge+#charges
20 ’Xe[5s2]’ for excited Xe -->
Symbol[electronic state of
the las valence e-]
21
22 NOTE_2: the specied dont necessarily need to be entered in
order.
23
24 NOTE_3: If the type UNARY is introduced , the secondary
specie should be left as ’’
25
26 -process: desired reaction. ’i1’ for one ionization of 1 e-
27 ’elastic’ for elastic collision
28 ’e[...]’ for excitation to the [...]
electronic configuration
29
30 -file_name: name of the file that wants to be read (it must be a
.txt)
31
32 NOTE_3: If the name of the .txt is unknown, leave it as ’’
and the code
33 will automatically read the first file associated
with a database or,
34 in the case where only one file is stored, it will
take read this file.
35
36 -Velocity_parallel: velocity of the flow of electrons in the
parallel direction. In [eV]
37 -Velocity_perpendicular: velocity of the flow of electrons in
the perpendicular direction. In [eV]
38
39 OUTPUT:
40
41 -The collision rate at the specified temperature. In [m^3/s]
42 """
43 ########### INPUTS REQUIRED ###########################
44
45 Database_root = ’C:/Users/Antonio/Desktop/DATABASE’
46 Type = ’BINARY’
47 specie1 = ’e-’
48 specie2 = ’Kr’
49 process = ’i1’
50 file_name = ’’
51
52 Velocity_parallel = 14.142 # [eV]
53 Velocity_perpendicular = 14.142 # [eV]
54
55 ########### CALL TO THE DATABASE #####################
56
57 import db_codes
58 Collision_rate = db_codes.collision_rate_BiMaxwellian(Database_root ,
Type, specie1, specie2, process, file_name , Velocity_parallel ,
Velocity_perpendicular) #[m^3/s]
